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Abstract 
Metal nanoparticles, especially gold nanoparticles (AuNPs), have been 
extensively studied due to their interesting optical properties and potential 
applications in emerging technologies like drug delivery, cancer therapy, 
catalysis, chemical and bio-sensing and microelectronics devices. Alkyl thiol 
ligands in the form of self assembled monolayers are often used to stabilize and 
functionalize the gold nanoparticles while other types of ligands have been 
rarely employed and the properties of AuNPs protected by different types of 
ligands have not been studied comprehensively and comparatively.  
This dissertation reports the first comparative studies on the thermal and 
chemical stability of AuNPs protected by alkyl thiolates, alkyl selenolates, dialkyl 
dithiophosphinates, and dialkyl dithiophosphates (Chapters 2 and 3). AuNPs 
protected by dialkyl dithiophosphinates and dialkyl dithiophosphates are 
unprecedented. All AuNPs were prepared from amine protected precursor 
AuNPs by ligand exchange to ensure similar size, size distribution, and chemical 
composition. They were extensively characterized by solution 1H-NMR and UV-
VIS spectroscopy, transmission electron microscopy (TEM), thermal analysis, X-
ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD) analysis. For 
the first time, thermal stability was investigated by differential scanning 
calorimetry (DSC) that provided more accurate decomposition temperatures and 
enthalpies, whereas chemical stability was tested as the availability of the gold 
surface towards etching with cyanide in different solvents. 
Surprisingly, alkyl selenolate protected AuNPs are thermally less stable than 
alkyl thiolate protected AuNPs despite their proposed stronger binding to the 
gold surface and a much more crystalline monolayer, which suggests that 
different decomposition mechanisms apply to alkyl thiolate and alkyl selenolate 
protected AuNPs. Dialkyl dithiophosphinates and dialkyl dithiophosphates 
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protected AuNPs are thermally least stable, although dialkyl dithiophosphates 
bind as bi-dentate ligands and are most stable towards cyanide etching. In 
contrast, dialkyl dithiophosphinates show mixed mono- and bi-dentate binding 
that generates loosely packed monolayers of low degree of crystallinity. 
Another part of this thesis (Chapter 4 and 5) employs AuNPs and silver 
particles as fillers to improve the electrical and thermal conductivities of 
polyurethane composites. High anisotropic electrical conductivity of thin 
composite films are obtained after curing at unprecedentedly low gold contents, 
which is reasoned with the coagulation of AuNPs to conductive gold networks in 
domains of high concentration of AuNPs. 
Silver particles and flakes of sizes between 20 nm and 1.5 micron were 
dispersed in polyurethane to investigate the effect of their size, morphology, 
aggregation, and dispersion on the thermal conductivity of the composites. 
Unexpectedly, composites filled with micron sized silver particles outperformed 
those filled with silver nanoparticles in thermal conductivity and stability. 
Finally, PdNPs were synthesized in the presence of thiolate ligands of 
different conical bulk (single phase surfactant free approach) to study the 
influence of the different ligands on their size (Chapter 6). No systematic effect 
was observed in contrast to a similar study on AuNPs, which is reasoned with a 
weaker binding of ligands to the Pd surface.  
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1  Chapter 1  
Introduction 
 
 
 
 
 
 
The Lycurgus Cup in reflected (left) and 
transmitted light (right). The inclusion of gold (and 
silver) into the glass is responsible for the green-red 
dichroism.  
Reproduced from the British Museum 
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1.1 Nanoparticles  
A nanomaterial may be defined as any material that has at least one 
dimension in the range of 1-100 nm. Within this length scale, the properties of 
matter are sufficiently different from individual atoms or molecules and from 
bulk materials. There is often some confusion in the literature about the different 
terms used to describe nanostructured materials. The following definitions are 
used here; a Nanoparticle (NP) is a solid in the 1-100 nm range that could be 
nanocrystalline, an aggregate of crystallites or a single crystallite whereas a 
colloid is a stable phase containing a range of particles in the 1-100 nm range. A 
nanocrystal (NC) is a solid particle that is a single crystal in the nanometer size 
range and quantum dots (QDs) are particles that exhibit a size quantization effect 
in all three dimensions when the crystallite diameter is comparable to or below 
the exciton Bohr diameter (e.g. CdS crystals exhibit quantum size effect when its 
diameter approaches 5-6 nm which is comparable to its exciton Bohr diameter).  
Particles consisting of few to 50 atoms are often termed clusters. Collectively, they 
are often termed as zero-dimensional materials (OD) 1,2 
Properties of materials change in the nanometer regime. For example, for 
semiconductors such as CdS, ZnO, Si the bandgaps change. Furthermore, melting 
points and specific heats can change with size changes such as for 3 nm gold 
nanoparticles the melting point is around 930 K which is much lower than its 
bulk value of 1336 K.1 The properties of nanoparticles are mainly dependent 
upon two types of size-dependent effects, the smoothly scalable effects, which 
are related to the fraction of atoms at the surface, and the quantum effects.3 
Wilhelm Oswald was the first to postulate that surface atoms determine the 
properties of NPs and should exhibit novel properties as compared to the bulk.1 
The reduction in size leads to an increase in the surface to volume ratio of the 
clusters as shown in Table 1.1. The table shows the percentage of surface atoms 
in close packed full shell clusters of different sizes. Atoms in most clusters are 
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arranged in hexagonal (hcp) or cubic (ccp) close packed lattices similar to most 
metals.1,4 
Table.1.1: The relation between the total number of atoms in full shell (hcp or 
ccp) clusters (magic numbers) and percentage of surface atoms. Reprinted (adapted) 
with permission from Klabunde, K. J. Nanoscale Materials in Chemistry; 2001. Copyright (2001) 
John Wiley and Sons, Inc. 
  
Atoms at the surface have fewer direct neighbors than atoms in the bulk. 
Therefore, particles with a large fraction of atoms at the surface have a low mean 
coordination number (which is the number of nearest neighbors). This gives rise 
to numerous scaling properties due to surface effects, for example increased 
reactivity of surface atoms (which is important for catalysis), and decrease in 
cohesive energy, melting point and latent heat of melting with a decrease in size. 
With fewer atoms a phase transition is not well-defined and no sharp transitions 
are usually observed. Similarly the Gibbs phase rule loses its meaning because 
phases and components are no longer properly distinguishable as small clusters 
behave more like molecules than as bulk matter.3-5  
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In metals and semiconductors, the electronic wave functions of conduction 
electrons are delocalized over the entire particle. Electrons can therefore be 
described as ‘particles in a box’, and the densities of state (DOS) and the energies 
of the particles depend crucially on the size of the box, which at first leads to a 
smooth size-dependence. However, when more atoms are added the shells are 
filled, and discontinuities occur when a new shell at higher energy starts to be 
populated. An important threshold is reached when the gap between the highest 
occupied and the lowest unoccupied state (called the Kubo gap δ) equals thermal 
energy. When electrons get thermally excited across the Kubo gap, at low 
temperature insulator becomes a semiconductor and at higher temperatures a 
metal. The development of the DOS with cluster size is illustrated in Fig.1.1. The 
HOMO–LUMO gap of semiconductor particles and therefore their absorption 
and fluorescence wavelengths also become size dependent.1,3,5  
 
Figure 1.1: Evolution of the band gap and the density of states as the number of 
atoms in a system increases (from right to left). δ is the so-called Kubo gap.3 
Reprinted (adapted) with permission from Roduner, E. Chemical Society Reviews 2006, 35, 583-592. 
Copyright (2006). The Royal Society of Chemistry. 
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Similarly, ionization potentials and electron affinities are tuned between the 
atomic values and the work function of the bulk material by variation of the 
cluster size. These properties relate to the availability of electrons for the 
formation of bonds or their involvement in redox reactions. Therefore, the 
catalytic activity and selectivity become functions of size.3,4 
There has been a tremendous growth in the field of nanoparticles over the last 
two decades due to the availability of better synthetic routes5-8 for their synthesis 
and developments in characterization techniques9,10 for their analyses. 
Nanoparticles are finding applications in catalysis,11 biological imaging and 
sensors,12-14 drug delivery and therapies,15 electrochemistry,16 lithography,17,18 
nano-electronics,19 displays,20 optics,21-23 self assembly24 and solar cells25-27 are a 
few to name.  
1.2 Gold Nanoparticles (AuNPs) 
Gold: quintessence of beauty and nobility among the metals. It was, and still 
is, synonymous of wealth. Some time towards the end of the Stone Age (~8,000 
B.C.) man discovered gold (in form of nuggets) and learned to appreciate gold 
not only for its beauty but also for its resistance against corrosion. Due to its 
softness it could be hammered into articles of jewellery even in ancient times (~ 
4000 B.C.).28  
Long before the development of modern gold chemistry the special 
appearance of gold was appreciated by mankind: The Lycurgus cup is probably 
amongst the first examples of colloidal gold developed in the 4th century AD.  It 
exhibits an outstanding green-red dichroism in reflected and transmitted light 
(refer to the introduction title page). Roman glass-workers added gold (and 
silver) when the glass was molten. The reduction of previously dissolved silver 
and gold salts, during heat-treatment of the glass, caused the fine dispersion of 
silver-gold nanoparticles responsible for the color.29 Solutions of colloidal gold 
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were also used as tonics and elixirs, especially in combination with alcohol. 
Colloidal gold is still applied to treat arthritis.28 In the mid 17th century, Andreus 
Cassius discovered Purple of Cassius—a coated gold colloid, used as a pigment 
in glass enamel and chinaware. A few years later, Johann Kunchel perfected the 
technique of making ruby-colored stained glass.24 
However, the beginning of modern Gold colloidal science can be alluded to 
Michael Faraday who in 1857 described the formation of deep red colloidal 
solutions of gold by the reduction of gold chloride by phosphorus and referred 
to them as “divided metals”.30 In 1951, Turkevich31 introduced a new synthesis of 
gold nanoparticles, which involved citrate reduction of gold salt in water, and 
was later refined by Ferns.32 Particle sizes measured by TEM were typically in 
the range of 10-20 nm. However, these particles are prone to aggregation thus 
further handling and manipulation is complicated. The first well-defined ligand 
stabilized and monodisperse AuNPs were synthesized by Schmid et al.28 by 
using phosphines as stabilizing ligands. Most famous is the quasi monodisperse 
Au55(PPh3)12Cl6 which consists of a gold core containing the “magic number” of 
55 gold atoms. 
However, the synthetic procedures developed by Schmid are challenging and 
it was Brust et al. who presented a much simpler approach in 1994. Brust et al. 
developed a seminal biphasic method that allowed them to obtain nanoparticles 
of about 2 nm in diameter but not monodisperse.33 The gold salts are transferred 
to the organic phase by a quaternary ammonium salt and are then reduced by a 
borohydride in the presence of thiols. Brust et al. also developed a single phase 
approach in 1995 for the synthesis of p-mercaptophenol-stabilized AuNPs.34 For 
the last fifteen years Brust’s method has had a considerable impact on the overall 
field, because it allows the facile synthesis of thermally- and air-stable AuNPs of 
low dispersity and controlled size. A number of excellent reviews have appeared 
on the synthesis, properties and applications of AuNPs.6,28,35-45  
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AuNPs exhibit a strong absorption band in the visible region and a vivid 
characteristic color, which is indeed a particle effect since it is absent in gold 
atoms and in bulk gold. This absorption is due to resonance of the 
electromagnetic field with the collective oscillation of electrons in the conduction 
band and is known as the surface plasmon resonance (SPR) (Figure 1.2). The 
observed color originates from the strong absorption of the metal nanoparticles 
when the frequency of the electromagnetic field becomes resonant with the 
coherent electron motion.5,23 It is the SPR properties of gold that have generated 
much interest for centuries and can be tuned by controlling the size and shape of 
Au nanoparticles.  
 
Figure 1.2.  The origin of surface plasmon resonance (SPR) in nanoparticles.46 
Reprinted (adapted) with permission from Kelly et al. The Journal of Physical Chemistry B 2002, 107, 
668-677. Copyright (2002) American Chemical Society. 
1.3 Synthesis of AuNPs 
Numerous methods have been developed for the synthesis AuNPs over the 
last decade, which can be categorized as (a) physical methods (top down) or (b) 
chemical methods (bottom up). The physical methods involve generation of 
AuNPs by subdivision of bulk gold into finely divided particles by techniques 
such as laser ablation and sonication. The wet chemistry or chemical methods 
involve the reduction of Au(III) or Au(I) salts to Au(0) by a reducing agent in the 
presence of a capping reagent. Synthetic methods are performed either under 
single phase or two phase conditions.  
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1.3.1 Physical Methods  
Gold nanoparticles have been synthesized by a variety of physical methods 
over the years. The simplest is vapor-phase synthesis of nanoparticles, which 
involves the generation of the vapor of the material of interest and is followed by 
the condensation of clusters and nanoparticles from the vapor phase. The vapor 
may be generated by, for example, thermal, laser, and electron beam evaporation. 
The size of the nanoparticle is determined by the particle residence time, 
temperature of the vapor, precursor composition, and pressure.47 Numerous 
modifications, for example, co-deposition/evaporation of precursors with 
polymers,48 coating the nanoparticles with polymers,49 continuous flow 
microplasmas50 have been proposed to overcome limitations such as low yields, 
irreversible formation of aggregates, incompatibility with liquids and high 
vacuum and the required high temperatures.47  
Other physical methods for the synthesis of gold nanoparticles include 
electron beam,51 gamma,52 and photochemical irradiation (UV, Near IR),53  as 
well as sonochemistry,54 spark discharge methods,55 laser ablation,56,57 and 
thermolysis.58,59 Different types of templates, for example, mesoporous 
materials,60,61 polymers,62 and biological materials like DNA,63,64 have also been 
used for the synthesis, stabilization, and organization of gold nanoparticles. 
Jones et al. have recently reviewed the templated synthesis of plasmonic 
nanostructures.65 
Nanosphere lithography, a bottom up technique, is an inexpensive synthetic 
procedure to generate arrays of noble metal nanoparticles. A monolayer of 
closely packed monodisperse polystyrene spheres that are hundreds of 
micrometers in diameter is deposited onto a substrate that acts as a template for 
metal deposition. Metal is then deposited onto and in between the spheres using 
thermal evaporation to create particles in the voids between the polystyrene 
spheres. This method generates monodisperse, uncapped nanoparticles in 
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geometric arrays over a large surface area (Figure 1.3). Nanosphere lithography 
is attractive due to its reproducibility and high monodispersity of generated 
nanostructures.66-68 Drawbacks of this approach are waste of gold and polymer 
spheres and limitations in particle shape. 
However, most of the physical methods that have been used for the 
generation of AuNPs produce nanoparticles of high polydispersity, in contrast to 
many wet chemical syntheses, and they are often immobilized on surfaces 
(supported NPs) or incorporated into host materials to give hybrid materials.  
1.3.2 Chemical Methods  
1.3.2.1 Two phase synthesis of AuNPs (The Brust-Schiffrin Method) 
In 1981, Schmid69 reported the synthesis of Au55(PPh3)12Cl6, whereby a gold 
metal complex is reduced with diborane gas and this synthetic approach has 
been recently reviewed.70 These nanoparticles, despite their monodispersity (1.4 
nm ± 0.4), proved difficult to isolate in a pure state and were somewhat unstable 
and require delicate control over the synthesis.  
A very popular subsequent synthetic protocol was reported by Brust et al. in 
1994 as outlined in Scheme 1.1. A gold salt is transferred into an organic phase 
using a phase transfer agent such as tetraoctylammonium bromide (TOAB). This 
is followed by addition of a strong reducing agent such as sodium borohydride 
in the presence of an organic thiol resulting in the rapid production of thiolate-
protected Au nanoparticles. This synthetic procedure is often referred to as 
generating monolayer-protected clusters (MPCs) because of the monolayer coverage 
by thiolates and the 1-10 nm diameter of the generated nanoparticles. 
The synthetic protocol allowed facile synthesis of thermally and air-stable 
AuNPs with controlled size. These AuNPs can be repeatedly isolated and 
redissolved in common organic solvents without irreversible aggregation or 
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decomposition, and they can be easily handled and functionalized similar to 
molecular compounds.6,45 The mean size of the gold (Au) core can be tuned by 
adjusting the Au:thiol ratio, temperature, the type of reductant and its addition 
rate, quenching time, and the type of thiol ligand.71  
Scheme 1.1: Gold Nanoparticle Synthesis by the Brust Two-Phase Approach 
(first proposed mechanism).45 Reprinted (adapted) with permission from Sardar, R.; 
Langmuir 2009, 25, 13840–13851. Copyright (2009) American Chemical Society. 
 
A large number of thiols have been employed in the synthesis of gold and 
other metal NPs by the Brust-Schiffirn (B-S) method.72-74 Thiols used as the initial 
ligand can also be exchanged by other, more stable, thiols, which was first 
demonstrated by Murray et al.75 However, one of the drawbacks of the B-S 
method is the required use of a phase transfer reagent (often tetraoctyl- 
ammonium bromide) because it cannot be completely removed from the surfaces 
of the AuNPs even after repeated washings. Schiffrin reported the use of Soxhlet 
extraction for the removal of surfactant but it results in a significant loss of 
AuNPs, probably because protective thiol ligands are also washed off with time. 
Shon et al.76 reported the use of Bunte salts such as S-dodecylthiosulfate and 2-
acrylamido-2-methyl-l-propanesulfonic acid as a surfactant that can be converted 
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into a thiol to overcome this problem but the formed AuNPs are larger and, more 
importantly, have larger size distributions.  
Despite wide spread use of the B-S method, its mechanism remained a matter 
of debate. It was generally assumed that formation of nanoparticles proceeds by 
the creation of M(I)-thiolate polymers (where M= Au, Ag, Cu, etc.) after the 
reduction of Au(III) to Au(I) by the added thiol.77,78 Goulet and Lennox79 
reported on the identification and quantification of Au, Ag and Cu precursor 
species in syntheses of NPs by the B-S method. They proposed Au(I) thiolate 
([AuSR]n) is not a measurable precursor (by 1H-NMR) and instead Au(III)- and 
Au(I) tetraalkylammoinum complexes [TOA or NR4] are the relevant Au species 
prior to reduction with NaBH4 under typical reaction conditions. They presented 
a revised mechanism for the two phase B-S reaction (Scheme 1.2).  
Scheme 1.2:Revised View of the Two-Phase Brust-Schiffrin Au Nanoparticle 
Synthesis.79 Reprinted (adapted) with permission from Goulet, P. J. G.; Lennox, R. B. Journal of 
the American Chemical Society 2010, 132, 9582-9584. Copyright (2010) American Chemical Society. 
 
A modified reaction pathway (1) was proposed as opposed to the previous 
Au(I)-thiolate polymer formation pathway(2):  
[NR4][AuX4] + 2 R′SH                 [NR4][AuX2] + R′SSR′ + 2 HX ………….(1.1) 
[NR4][AuX4] + 3 R′SH                 [AuSR′]n + R′SSR′ + NR4X + 3 HX............ (1.2) 
The stoichiometry of the reduction of [NR4][AuX4] to [NR4][AuX2] (Au3+ to Au1+) 
was confirmed by monitoring the disappearance of the absorption band of Au3+ 
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at 402 nm upon addition of alkanethiol (with the solution going from intense 
orange to colorless). They observed that complete reduction from Au3+ to Au1+ 
occurs with the addition of 2 equiv of dodecanethiol which is consistent with 
reaction pathway (1) but not (2). The species present during this reaction were 
quantitatively monitored by 1H-NMR spectroscopy. Significant shifts were 
observed for all the resonance peaks due to the association with the AuX4- anion. 
TOA+ peaks are not observed for each of the anions, but rather a single averaged 
peak is observed for each of the different chemical environments of the cation.  
This is consistent with a fast anion exchange process. 
It was further shown that altering the thiol to metal ratios changes the ratios 
of different metal precursors and adsorbates which in turn influence the size of 
the formed nanoparticles. Moreover, it was observed (by 1H-NMR) that 
disulfides are also formed due to oxidation of thiols under typical B-S conditions. 
It is pertinent to mention that M(I)-thiolate polymers have poor solubility in 
toluene due to intermolecular interactions between adjacent polymer units80 
consequently, they should form precipitate during the B-S reaction. However, no 
such precipitation is observed indicating that it is unlikely that they are forming. 
Goulet and Lennox further demonostrate that M(I)-thiolate polymers form in 
appreciable amounts when larger quantities of water are present (under typical 
conditions, very small amount of water is present), or if polar solvents (THF, 
ethanol etc.) are used. This is attributed to the breaking or absence of the metal 
anion-quaternary cation ion pairs that form in non polar solvents.79 
The detailed NMR, Raman and surface plasmon resonance (SPR) 
spectroscopy investigations by Li et al.81 give further credence to this mechanism. 
They propose B-S as an inverse micelle synthesis mechanism of nanoparticles. 
The Au-S bond peak at ~327 cm-1 in Raman spectra of HAuCl4, TOAB and thiol 
solution were absent while such peaks were observed for a separately prepared 
Au(I)-thiolate polymers led to hypothesis that M-S bonds are not formed upon 
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mixing of thiol and metal precursor. At the same time S-H vibration peak 
disappeared at 2568 cm-1 while disulfide peak at 525 cm-1 appear which was 
further confirmed by 1H-NMR thus, indicating reduction of Au(III) to Au(I). 
These results confirmed the formation of metal complex instead of Au(I)-thiolate 
polymer. 
Presence of encapsulated H2O in the inverse micelles was confirmed by 
downfield shift of the H2O peaks (from 0.46 ppm to 2.34-2.69 ppm while C6D6 
was used as solvent). Dynamic light scattering of TOAB+Au(III) solutions before 
and after the addition of thiols also supported the formation of inverse micelles. 
Li et al. propose that the organic layer after the phase separation and the thiol 
addition contains the TOAB micelles of [TOA][M(I)X2] complex. The subsequent 
addition of NaBH4 first reduces the metal ions that form the “naked”, micelle-
encapsulated (but not TOAB directly capped) Au NPs.  
Scheme 1.3: New mechanism for Chalcogenate-Protected Metal NP Synthesis by 
the Brust-Schiffrin (B-S) Method.81 Reprinted (adapted) with permission from Li, et al. 
Journal of the American Chemical Society 2011, 133, 2092-2095. Copyright (2011) American Chemical 
Society. 
 
The ligands (the thiolate generated from the reduction of disulfide and the 
unreacted thiol) in the organic solvent then diffuse through the TOA shell and 
form the Au-S bonds at the water/organic solvent interface, by which the ligand-
protected metal NPs are formed, as illustrated in Scheme 1.3.81 Li et al. also 
noted82 that not only the presence but also the amount of water in the reaction 
medium has a profound effect on the reduction of Au(III) by thiols and on the 
formation of uniform small NPs. It was proposed that the inverse micelles of 
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[TOA]+ encapsulating metal ions M(I) together with water are a reaction micro-
environment before the addition of NaBH4 aqueous solution in a typical B-S two-
phase synthesis. 1H-NMR data showed that the existing inverse micelle-
encapsulated water or/and organic-solvent-dissolved water provided a 
receiving medium (the water gets acidified) for the reaction-generated protons 
after the cleavage of S-H bonds. It was further observed that reduction of Au(III) 
complex to Au(I) complex occurred instantaneously in the presence of H2O and 
this may be attributed to generation of smaller NPs. The nanoparticles prepared 
in the absence of encapsulated H2O were larger with a wider size distribution 
under similar conditions. Furthermore, the size of these inverse micelles is 
around 2.5 nm which is probably the main reason why B-S synthesis does not 
work for generating metal nanoparticles larger than 5 nm.82  
Polydispersity of the synthesized Au NPs has been an unresolved issue in B-S 
synthesis.77 Often, size-focusing treatments are required to attain homogenous 
size distributions. The recent mechanistic insights have provided some new 
information about this intrinsic limitation of B-S method. It has been reported 
that Au(I)-thiolate polymers generated along with [TOA][AuX2] complexes due 
to the presence of excess water (or polar solvents) lead to more polydisperse 
AuNPs as compared to AuNPs synthesized from pure [TOA] [AuX2] 
complexes.82 Similarly, the co-presence of residual thiol and reduction-generated 
disulfide in a typical BSM syntheses has been reported to increase 
polydispersity.83 It was found that in the presence of H2O (acting as a receiver 
medium thus lowers the reaction barrier), thiol was a better ligand than disulfide 
for making smaller and more homogenous AuNPs. But in a water deprived 
situation disulfide was a better ligand (as no such barrier is expected to exist and 
bond cleavage becomes easier in case of RS-SR).83   
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1.3.2.2 One Phase Synthesis of AuNPs 
Turkevitch31 introduced the first single phase method in 1951 where AuNPs 
of about 20 nm formed by the citrate reduction of HAuCl4 in hot aqueous 
solution. The method was further refined by Frens to control the size of the 
AuNPs by controlling the ratio of citrate to gold.32  Citrate acts as both reducing 
and stabilizing agent but is a weaker protective ligand than phosphanes and 
thiols. In fact, most of the stabilizing effect is attributed to charge repulsion 
between citrate ligands sticking to AuNPs, which is why these solutions are not 
stable when higher concentrations of NPs are used84. For the same reason the 
concentrations of citrate protected AuNPs in aqueous solution limited to below 
0.01 M.32 Despite its limitation of irreversible aggregation, the method has been 
widely used to prepare dilute solutions of moderately stable spherical AuNPs 
with diameters of 10-20 nm and recently by employing a seed mediated 
approach nanoparticles in the size range of 200 nm have been reported by 
Bast’us et al.84  
The quality (size, size distribution, and morphology) of the obtained NPs is 
significantly lower than that resulting from non-aqueous solutions.84 This 
problem has been traditionally difficult to overcome since a coherent explanation 
for kinetics of the precursor reduction and particle growth is lacking and is more 
complicated than what its simple experimental protocol suggests. Recently, the 
citrate mediated formation of AuNPs has also been the subject of numerous 
mechanistic studies to develop better understanding about the role played by the 
reagents used and the evolution of gold nanoparticles. For example, Ji et al.85 
determined that size variation and overall reaction mechanism are mostly 
determined by the solution pH that is in turn controlled by the concentration of 
sodium citrate (Na3Ct) in the traditional Frens's synthesis. Thus, Na3Ct has three 
roles; reducing agent, stabilizer and buffer. The pH dependence may provide a 
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new parameter for the control of the size and dispersity of AuNPs by the citrate 
approach.  
The combination of SAXS and XANES analysis provides time-resolved in situ 
information on the formation of gold nanoparticles that gives new experimental 
evidence on the formation of nanoparticles as reported by Polte et al.86 They used 
SAXS, XANES along with UV-Vis, and electron microscopy (TEM, SEM) to arrive 
at a mechanistic scheme for the formation of AuNPs by citrate reduction of gold 
precursors (Scheme 1.4.) 
Scheme 1.4: Schematic illustration on the mechanism of AuNP formation.86 
Reprinted (adapted) with permission from Polte et al. Journal of the American Chemical Society 2010, 
132, 1296-1301. Copyright (2010) American Chemical Society. 
 
A four step nucleation and growth process was proposed, whereas the initial 
phase can be divided into two steps. The initial stage is a rapid formation of 
nuclei (step a in Scheme 1.4) followed by coalescence or Ostwald’s ripening of 
the nuclei into bigger particles (step b in Scheme 1.4). The third step comprises 
slow diffusion growth of particles sustained by ongoing reduction of gold 
precursor as well as a further coalescence (step c in Scheme 1.4). Subsequently, 
particles grow rapidly to their final size, the final particle size being imposed by 
complete consumption of the precursor species (step d in Scheme 1.4). Based on 
their results they proposed that coalescence processes of small nuclei into mono-
disperse particles are essential for obtaining AuNPs of low polydispersity. These 
results contradict the earlier proposed mechanisms which revolved on the initial 
complete reduction of Au(III) or the intermediate presence of networks of 
partially crystalline gold nanowires.87,88  
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Thiol protected AuNPs can be obtained from citrate passivated AuNPs by 
ligand exchange but the preparation of AuNPs smaller than 20 nm and in larger 
quantities required different approaches. Several groups have developed 
alternative single-phase methods in organic solvents without the use of citrate of 
which a few are presented below.  
One of the limitations of the Brust's two phase synthesis approach is the 
contamination of the AuNPs with the surfactant (phase transfer agent). A 
number of groups have developed singe phase methods that avoid the use of 
such agents. For example, Brust et al.89 developed a single phase method for the 
synthesis of p-mercaptophenol derivatized AuNPs in methanol as a solvent. A 
major limitation of this approach is that methanol is not a good solvent for most 
of the ω-functionalized alkane- or arenethiols.  
To enlarge the scope of single phase synthetic approaches, a new reducing 
agent was proposed by Yee et al.90 that is soluble in organic solvents thus 
eliminating the requirement of phase transfer reagents. They proposed 
employing a Suprehydride (lithium triethylborohydride) as a reducing agent 
(instead of NaBH4) and THF as solvent. The approach allowed the synthesis of 
thiol functionalized AuNPs, Pd NPs and Ir NPs within 2 h. However, the NPs so 
synthesized have ionic contaminants that can only be removed by washing with 
acidic solutions. At the same time, the formed NPs have wider size distributions.  
Superhydride is a very strong reducing agent and it may reduce esters, 
amides and other potential functional groups on the ligands. To address this 
issue Rowe at al.91 investigated the single-phase synthesis of 1-octanethiol capped 
AuNPs (C8-Au) with different combinations of reducing agents (i.e., NaBH4 and 
LiBH4) and solvents (i.e., ether, THF, and acetonitrile) under a variety of reaction 
conditions (i.e., reducing agent addition rate, reaction time, equivalents of 
reducing agent, and concentration of reaction solution). It was observed that high 
yields of AuNPs are obtained with an excess of LiBH4 in THF under ambient 
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conditions. The milder reducing agent LiBH4 allows the use of many functional 
thiols similar to Brust’s two phase method. A limitation of the method is the 
lower solubility of reducing agents in THF that leads to increased polydispersity. 
Large scale and facile synthesis of AuNPs is a major requirement if successful 
incorporation of nanoparticles in functional devices is to be achieved. Different 
methodologies have been developed for the gram scale synthesis of AuNPs. For 
example, Hiramatsu et al.92 reported a simple and reproducible method for the 
large scale synthesis of organoamine protected Au and Ag nanoparticles in the 3-
21 nm (Au) and 8-32 nm (Ag) size ranges with low polydispersities. The 
syntheses are fast and simple as only three reagents are required: metal salt, 
olelylamine and a solvent (toluene). However, the yields are low for small sized 
nanoparticles as the reaction has to be quenched early on while the solution is 
still saturated with gold precursor. Another facile one-step one-phase synthetic 
route to achieve a variety of metallic nanoparticles by using amine-borane 
complexes as reducing agents at gram scales was reported by Zheng et al.93 
Amineborane complexes have a weaker reducing ability than NaBH4, which can 
slow the reduction rate of gold cations and allow control over the growth of 
monodisperse nanoparticles.  
Jana et al.94 proposed another gram scale one-phase route to synthesize 
monodisperse noble metal nanoparticles. The metal salts dissolved in a surfac-
tant solution of toluene are reduced with tetrabutlyammonium borohydride 
(TBAB) or its mixture with hydrazine while fatty acids or aliphatic amines 
instead of thiols were added as capping ligands. These conditions are claimed to 
be the key to maintaining a tunable activity for both metal precursors and the 
reducing reagents. The weak binding nature of the ligands on the surface of the 
synthesized nanoparticles also makes it possible to further functionalize the 
nanoparticles via ligand exchange reactions.  
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Even though these one-phase syntheses have been shown to significantly 
narrow the particle size distribution, monodisperse metallic particles with size 
dispersity <5% have not yet been reported by using any one-phase synthesis 
without a subsequent size-selection process. Similarly, mechanistic studies are 
lacking on the use of different reducing agents or metal precursors. It is only 
recently that some mechanistic studies have been carried out especially on the 
Brust’s one phase synthesis where M(I) thiolate polymers have been proposed as 
precursors of such one-phase reactions conducted in polar solvents.79 However, 
more research is required to develop a comprehensive mechanistic under-
standing, which may help to synthesize AuNPs with better yields and lower 
dispersity.  
1.3.2.3  Seed Mediated Approach  
In seeding growth methods, small metal particles are prepared first and later 
used as seeds (nucleation centers) for the preparation of larger size particles. 
Providing a controlled number of preformed seeds (as nucleation centers) and a 
growth condition that inhibits any secondary nucleation, the particle size can be 
controlled simply by varying the ratio of seed to metal salt. AuNPs in different 
size ranges for example, 5-40 nm95 and of different shapes96,97 have been 
prepared using this technique mostly in the presence of surfactants, for example 
cetyltrimethylamonium bromide (CTAB). CTAB is a cationic surfactant that not 
only passivates the surface, but can also be used as a shape directing soft 
template due to its preferential adsorption onto [100] facets of AuNPs.  
1.3.2.4 Microfluidic Synthesis of AuNPs 
All of the aforementioned reactions for the synthesis of AuNPs are at least 
partially diffusion controlled and, in fact, smallest size distributions are usually 
achieved when all reagents are distributed homogeneously. A straightforward 
approach to suppressing the size distribution is to mix the metal ions and 
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reductants homogeneously on a molecular level using miniaturized reaction 
chambers. In this regard, microfluidic synthesis of organic stabilized metal 
nanoparticles is of great interest as it provides quasi homogenous conditions 
with respect to concentration, temperature and mass transport leading to better 
control over the nucleation and growth steps which in turn dictates particle size 
and size distribution.98,99 Wanger et al.100 reported for the first time on the direct 
continuous synthesis of gold nanoparticles in a microsystem directly form the 
gold salts and the reducing agents. AuNPs (5-50 nm) were synthesized from 
metal precursor mixed with PVP and which was reduced with ascorbic acid in a 
continuous flower reactor (Figure 1.3). The mean diameter and the width of the 
particle size distribution were adjusted by tuning experimental parameters such 
as flow rate, pH, excess of reducing agent, and concentration of PVP. The inner 
walls of the microreactor were made hydrophobic by silanization and the 
reaction was carried out at elevated pH to overcome the issue of fouling of the 
microreactor due to adhesion of gold particles to the walls.  
The reported size distributions on average were two times narrower than 
those obtained in a conventional synthesis. The approach was extended to the 
generation of Au and Ag nanoparticles with NaBH4 and direct functionalization 
with thiols.101 NaBH4 has a higher reduction potential than the organic reducing 
agents (sodium citrate, ascorbic acid, etc.), thus, efficient reduction is expected 
while introduction of thiol ligands allowed the adoption of traditional 
nanoparticle synthesis and stabilization in microfluidics. 
Preparation of extremely small polymer stabilized nanoparticles (1-2 nm) 
with narrow poly- dispersity is still very challenging and microfluidics offers an 
opportunity to address such challenges. For instance, Tsunoyama et al.102 
reported the large scale synthesis of PVP-stabilized gold clusters (~1 nm) 
prepared by the homogeneous mixing of continuous flows of aqueous 
HAuCl4/PVP and NaBH4/PVP solutions in a micromixer. 
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Figure 1.3: Schematic drawing of the experimental setup showing the 
connectivity of the IPHT microreactor (STATMIX 6, area 22 × 14 mm).100 Reprinted 
(adapted) with permission from Wagner, J.; Köhler, J. M. Nano Letters 2005, 5, 685-691. Copyright 
(2005) American Chemical Society. 
These Au:PVP clusters remained smaller even if much higher gold precursor 
concentrations were used than in a batch reactor. Furthermore, they exhibited 
higher catalytic activity for aerobic alcohol oxidation, which was attributed to 
their smaller size. 
1.4 Ligands for AuNPs 
Ligands attached to the AuNP core play a crucial role not only in the 
synthesis but also protect them against aggregation, which is important for long 
term stability of AuNPs. The ligand shell also determines several other 
properties of AuNPs such as solubility, function and reactivity. Presented below 
are examples of different classes of ligands that have been attached to AuNPs 
and are categorized based on their linking groups.  
1.4.1 Thiols and other sulfur ligands  
The vast majority of reported protective ligands contain thiolates as the 
linking group to the surface of Au NPs because of their higher affinity for gold 
surfaces than other ligands such as amines and the large body of knowledge 
established for 2D self-assembled monolayers (SAMs).36 Stability, solubility, and 
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other properties of the thiolate protected Au NPs has been altered by changing 
the organic group and in particular by introducing additional, mostly terminal, 
functional groups such as -OH, -NH2, -SO3H, and –COOH etc.74 Another 
outstanding feature of AuNPs stabilized by thiols is their ability to 
spontaneously assemble into superlattices if they have sufficiently narrow size 
distributions103 while weaker binding ligands may introduce higher disorder in 
the alkane chain hence, preventing interdigitation.104 Gold nanoparticle super- 
lattices have recently been reviewed by Parsad et al.104 A wide variety of 
structurally diverse thiols have been employed for the synthesis of AuNPs, e.g., 
ω-functionalized thiols, arenethiols, xanthates, di- and tri-thiols and diaklyl- 
disulfides.6 
The coating of AuNPs with bifunctional molecules, where one terminus 
remains unbound, is of particular interest because the “free” group provides the 
opportunity for the (covalent) attachment of the nanoparticle to a surface or to a 
macromolecule. To this end, Wallner et al.105 used symmetric α,ω-bis(trityl)-
alkanedithiols for one-pot synthesis of novel mixed molecular-monolayer-coated 
AuNPs. Stable AuNPs coated with α,ω-alkanedithiols whose outer ω-thiol was 
protected by a triphenylmethyl group were prepared with good dispersity. The 
protected ω-thiol groups provide the possibility to place the AuNPs in a well-
directed manner and after deprotection to connect them to designated materials. 
For example, they can be connected to gold nanoelectrodes for conductivity 
measurements and/or linked into AuNP arrays.105 
Multichained stabilziers are expected to impart more stability and better size 
control of AuNPs than mono-thiols. Disulfides offer several attractive features 
for the preparation of 3-D SAMs. First, the use of unsymmetrical disulfides 
having two distinct functional groups at the molecular termini (RSSR’) offers the 
possibility of generating mixed SAMs possessing a homogeneous distribution of 
functional groups. Second, the use of unsymmetrical disulfides possessing two 
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distinct chain lengths (RSSR’) offers the possibility of generating 3-D SAMs with 
designed molecular “roughness”. To test this hypothesis, Yonezawa et al.106 used 
a four-chained disulfide ligand (4,4’-dithiobis-(N-propyl-O,O’-ditetradeca noyl-
L-glutamate) for the synthesis of AuNPs in the presence of NaBH4 as a reducing 
agent via two phase route reported by Brust. During the preparation, the 
disulfide compound simultaneously undergoes reduction into two thiol 
derivatives and the generated gold nanoparticles are stabilized by these double 
chained thiols. The AuNPs obtained were smaller (ca. 1.5 nm) and more 
monodispersed (standard deviation 0.28 nm) as compared to those prepared by 
using conventional mono alkanethiols. Similarly, Porter et al.107, reported the 
formation of highly ordered and crystalline 3D SAMs of n-dioctadecyl disulfide 
(C18S)2 as compared to n-octadecanethiol. The high degree of crystallinity was 
attributed to the interchain interactions of the SAM upon the loss of solvent from 
the interchain matrix. The gold nanoparticles exhibited solubilities and size 
distributions that were comparable to those prepared by the analogous 
adsorption of alkanethiols. 
Synthesis of water soluble AuNPs is important for biological or biomimetic 
applications. Chen et al.108 employed mercaptosuccinic acid (MSA) as the 
stabilizing thiol ligand for the synthesis of water soluble AuNPs (1.0 - 3.4 nm). 
Their pH dependent dispersibility and the small sizes make them good 
candidates for cell biology applications. Pasquato et al.109 used amphiphilic thiol 
ligands composed of hydrocarbon chains close to gold surface for protective 
packing and a polyoxyethylene chain for imparting solubility in water and other 
polar solvents. Similarly, Viudez et al.110 used 6-mercaptopurine as capping 
ligand for the synthesis of AuNPs by one-phase method of Brust to obtain 6-
mercaptopurine (6MP) monolayer protected AuNPs with an average size of 2.4 ± 
0.5 nm. The AuNPs are somewhat polar clusters that are soluble in polar solvents 
such as DMF and DMSO and in neutral and alkaline aqueous solutions.  
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Thiol functionalized AuNPs are finding increasing applications in biology as 
probes for NP-protein interactions, as artificial proteins and for DNA and protein 
delivery.111-113 Similarly such NPs can be used as sensors for proteins, bacteria or 
cancer cells.109,111,113   
Thiol based dendrimers have been used for the synthesis for AuNPs. NP 
synthesis in the presence of dendrimers is carried out using procedures similar to 
those developed for NP formation in the presence of surfactants or polymers. For 
example, Gopidas and coworkers114 reported the used of Fréchet-type polyaryl 
ether dendritic disulfide wedges of generation 1-5. These materials possess 
nanometer-sized gold clusters at the core and dendritic wedges radially 
connected to the core by Au-S bonds.  Bronstein et al.115 and Crooks et al.116  have 
recently reviewed dendrimer based nanoparticles.  
Polymer ligands are of great use in the preparation and stabilization of 
inorganic nanoparticles and for the integration of nanoparticles with other 
polymer-based materials. The role of polymers for NPs and applications has been 
recently reviewed by Grubbs et al.117  
Usually, the NPs capped by a certain stabilizer are compatible with 
compounds of similar nature (via polar-polar or nonpolar-nonpolar interactions) 
which limits the range of their applications. NPs capped by amphiphilic 
polymeric/or oligomer stabilizers are capable of imparting interoperability, thus 
enhancing their solubilities and applications. For example, Dubavik et al.118 
reported a facile synthesis of AuNPs (2.1-7.0 nm) stabilized by thiol modified 
methoxypoly (ethylene glycol) (mPEG-SH) oligomers (Fig.1.4.). They 
demonstrated the interoperability of these NPs with media of different polarity 
as well as their direct and complete transfer across phase boundaries without 
stirring and/or agitation or any additional treatments or medium adjustments.  
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Figure 1.4: AuNP synthesized using mPEG-SH (n =350, 500 or 750 chains) and 
the corresponding UV-Vis spectra in different environments.118 Reprinted (adapted) 
with permission from Dubavik et al. Langmuir 2011, 27, 10224-10227. Copyright (2011).  American 
Chemical Society. 
1.4.2 Phosphine, Phosphine oxide 
Phopshines were the ligands of choice for early work on AuNPs by Schmid et 
al.69 Triphenyl phosphines generate monodisperse AuNPs with diameters in the 
range of 1 nm. Nanoparticles with full shell structures e.g. Au55(PPh3)12Cl6 and 
their various derivatives have been prepared over the years. Schmid70 recently 
reviewed the Au55 and related clusters. Limitations of phosphines as ligands are 
the required strict anaerobic synthetic conditions and the relatively low stability 
of the formed NPs.  
1.4.3 Nitrogen Containing Ligands (Amines etc) 
Amines are a particularly attractive class of reducing and stabilizing agents 
because of their nearly universal presence in biological and environmental 
systems. Thus they can be used for the synthesis AuNPs suited for biological 
applications. Furthermore, they are weak binding ligands thus making them 
amenable for subsequent ligand exchange reactions.  
The synthesis of Au or Ag NPs from alkyl amines is often carried out at much 
higher organic amine to metal ratios (~10–40) which is very high for cost effective 
synthesis. With a view to probe the effect of low amine to metal ratios Mishra et 
al.119 synthesized Au and Ag NPs using hexadecylamine as reducing and 
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capping agent in a two phase system at 30 ºC. They observed that AuNPs of 4-5 
nm were produced which aggregated to larger particles of ~ 12 nm through 
Ostwald ripening within 36 hr when amine to metal ratio was around 1.5. On the 
contrary, Ag NPs were even less stable at this ratio and assembled into elongated 
structures. A recommended amine to metal precursor ratio is around 10 for 
synthesizing relatively stable Au or Ag NPs.   
Aminoalcohols, are another attractive class of ligands for their potential 
oxidation to amino acids which can be beneficial for biological applications. Port 
el al.120 reported reproducible gold hydrosols stabilized by aminoalcohols, and 
their characterization by spectroscopic and microscopic means to gain an insight 
into Au-NH interactions. The 1H-NMR spectra revealed a downfield shift of the 
triplet due to the -CH2-NH2 moiety (3.04 ppm, ∆δ = 0.43 ppm between free and 
coordinated aminoalcohol) while the signal due to the -CH2-OH (3.64 ppm, 
∆δ=0.06 ppm) showed hardly any change. The downfield shift of the -CH2-NH2 
moiety strongly suggests that the NH2 and not the OH group is the predominant 
binding site. The large shift also suggests the formation of an Au@NH3+-(CH2)4-
OH colloidal system. However, these 1H-NMR results are in contrast to the 
reported alkyl amines bound to large gold nanoparticles, which usually exhibit 
broadened signals and unusual chemical shifts due to large inhomogeneity in the 
magnetic field caused by the metal cores.  The authors attributed the observed 
small differences in the chemical shift and sharp signals of Au@aminoalcohol 
systems to a weak ionic bond between two counterions on the gold surface.   
Various nitrogen containing surfactants (ammonium salts) have different 
affinities for the different crystallographic plane of Au which provides an option 
to control the shape and geometry of the formed AuNPs. For example, cetyl-
trimethylammonium bromide (CTAB) adsorbs preferentially on the [100] facets 
of Au and has been extensively used for the shape control synthesis of Au NPs 
and nanorods.121,122 
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1.5 Ligand Exchange Reactions  
The concept of ligand exchange is rather intuitive: monolayer protected 
nanoparticles are mixed with free ligands that replace previously attached 
lignads123 as depicted in Figure 1.5. 
 
Figure 1.5: Schematic of a single ligand exchange reaction on AuNP. 
This method makes it possible to modify nanoparticles with ligands that 
cannot be introduced during nanoparticle synthesis (e.g. if they are chemically 
incompatible with the synthesis conditions). Different ligand shells can be 
generated using ligand exchange methods while the size and optical properties 
of the gold nanoparticle cores can be preserved. The ligand shell composition 
allows one to tailor chemical properties such as solubility, chemical reactivity, 
surface chemistry, and binding affinity. Weaker binding ligands might be easily 
exchanged by stronger incoming ligands but equally strong ligands also cause an 
exchange reaction as has been demonstrated for different thiols. The final ratio of 
exchange depends on the relative strengths of attachment and concentrations of 
the different ligands being used. The mechanistics of ligand exchange reactions 
on AuNPs  have been reviewed by Caragheorgheopol et al.123 
Synthesis of AuNPs with well-defined chemical composition is crucial for 
fundamental studies and applications. A major challenge for the synthesis of 
such clusters is the small yields; typically, only a few milligrams of the purified 
clusters are obtained after elaborate and time-consuming workup procedures.  
Ligand exchange reactions provide a convenient route towards synthesis of such 
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clusters. For example, Woehrle and coworkers124 exchanged phosphine-
stabilized precursor, Au11(PPh3)8Cl3, with ω-functionalized alkanethiols via 
ligand exchange to yield sub nanometer (dCORE = 0.8 ± 0.2 nm) AuNPs without a 
change in size. In a later mechanistic study, they proposed a three-stage 
mechanism for the ligand exchange reaction.125 On the contrary, Shichibu et al.126 
reported that size increases during the ligand exchange reaction of 
Au11(PPh3)8Cl3 by glutathione (GSH) and thermodynamically stable Au25(SG)18 
were selectively obtained on approx. 100 mg scale under anaerobic conditions. 
The increase in size was attributed to aggregation of Au11 clusters during the 
initial rapid replacement of PPh3 ligands by thiols. This mechanism of growth 
during ligand exchange was also proposed by Hutchison et al.125  
Similarly, Reyes et al127 investigated the ligand exchange kinetics of 6-
mercaptopurine (6MP) molecules by 11-mercaptoundecanoic acid and 11-
mercapto-1-undecanol on the AuNPs (6MP AuNPs ) of 2.4 nm diameter. The 
exchange kinetic traces observed were biphasic and the reaction reached 
equilibrium. It was observed that ligand exchange slows down upon increasing 
the size of nanoparticles from 2.4 to 13 nm or when the exchange was carried out 
on 2-D surfaces. The rate of exchange reaction decreases as the size of the gold 
cluster is increased, which is reasoned with a smaller percentage of defect sites 
(corners and edges) in larger clusters.   
Ligand exchange reactions have become a particularly powerful approach to 
incorporate functionality in the ligand shell nanoparticles and are widely used to 
produce organic- and water-soluble nanoparticles with various core sizes and 
functional groups.  
1.6 Stability of Monolayer Protected AuNPs 
All nanoparticles are prone to agglomeration to the bulk. At short 
interparticle distances, two particles would be attracted to each other by van der 
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Waals forces and in the absences of repulsive forces to counteract such 
attractions they would coagulate. Various stabilization techniques have been 
used that can be broadly classified into two categories: steric stabilization and 
electrostatic stabilization. With steric stabilization, the contact between the two 
nanoparticles is physically avoided by adsorption of molecules such as polymers, 
surfactants or ligands at the surface of the particles, thus providing a protective 
layer. Electrostatic stabilization uses charge, usually an electrical double layer, to 
attain stability Thus, if the electric potential associated with the double layer is 
sufficiently high, electrostatic repulsion will prevent the particle agglomeration 
by overcoming the attractive Van der Waals forces. 
1.6.1 Thermal Stability of AuNPs 
There have been a few reports on the thermal stability of ligand stabilized 
AuNPs. The thermal stability of the NP core is often probed through thermo 
gravimetric analysis (TGA) while that of the ligand chains through differential 
scanning calorimetry (DSC). To the best of our knowledge no attempt has been 
made to study the detailed mechanism of the thermal decomposition of metal 
NPs but TGA-MS measurements performed in our laboratories128,129 suggest that 
the ligands are rarely desorbed as entire molecules but rather as fragments. This 
assumption is also supported by the finding that the gold residue of Au NPs at 
550 ºC is still coated with a dark layer and clean metallic gold is not obtained 
until heated to at least 1000 ºC under helium. This contradicts early 
investigations by temperature-programmed desorption mass spectrometry that 
confirmed the desorption of entire thiolate ligands as well as their disulfides130. 
However, these thermal decompositions were carried out under high vacuum 
that will allow the detection of larger and less fragmented ions than it is possible 
by TGA-MS. A conceivable thermal decomposition mechanism starts with 
increasing desorption/adsorption dynamics of the ligands and their 
fragmentation. With increasing temperature; fragmentation of more ligands 
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results in agglomeration of metal NPs to larger NPs and, eventually, to bulk gold 
that is still covered by the functional group containing fragments of the ligands 
(e.g. alkyl thiolate ligands on gold NPs seem to preferentially undergo cleavage 
of the S-C bond so that sulfur salts remain at the surface).131 The remaining 
fragments are only removed at temperatures well above 600 ºC. There exists as 
yet no quantitative analysis of what determines thermal stability of thiolate-
based Au clusters. Significant factors would be expected to include Au−thiolate 
bond energies, ligand−ligand packing energetics, the energetics of bond 
formation and volatilization of the disulfide products, and, possibly, the 
energetics of the ensuing nanoparticle aggregation. The examples given below 
highlight factors affecting thermal stability and strategies to improve bulk phase 
and solution thermal stability of the nanoparticles.  
The alkyl chain length of the ligands plays a significant role in thermal 
stability enhancement. For example, Terril et al.132 investigated the thermal 
behavior of AuNPs stabilized with varying chain lengths of alkanethiolates 
(C8SH, C12SH, C16SH) by means of TGA and DSC. They determined that the mass 
losses exhibited were single, well-defined steps of ca. 100 ºC width beginning at 
230, 266, and 310 ºC for the C8SH, C12SH, and C16SH protected NPs respectively. 
It was inferred from these results that the thermal stability of the alkanethiol-
stabilized AuNPs increases with increasing chain lengths. Similarly, Chen and 
coworkers133 reported that the arenethiolate stabilized AuNPs are thermally less 
stable than their alkylthiolate counterparts; the thermal stability (of arenethiolate 
AuNPs) increases with longer methylene linkers. Surprisingly, no correlation 
between thermal stability and ligand packing density was observed; i.e., high 
packing density did not necessarily increase thermal stability.  
DSC studies were used to probe the melting transition temperatures and 
associated heats of enthalpy for alkane-thiolate-protected AuNPs and reported to 
increase with increasing chain length by Hostetler et al.71 Furthermore, these 
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transitions were absent for chains shorter than dodecanethiol reflecting the 
formation of crystalline alkanethiolate domains on cluster surfaces and/or their 
interdigitation with domains of adjacent clusters. Badia et al.134 also asserted that 
the physical properties of the AuNPs are strongly dependent upon the structure 
and properties of the alkanethiolate chains. They demonstrated through DSC 
studies that the melting transition is in fact a thermally induced chain melting 
process. In addition, chain melting begins at the chain terminus region and 
propagates toward the center of the chain as the temperature increases.  
Radu et al.135 reported direct observation of the thermal decomposition of 
Au55(PPh3)12Cl6 clusters (~2.1 nm) on top of highly oriented pyrolitic graphite 
(HOPG) and mica substrates under UHV conditions. The observations were 
performed using in-situ scanning probe microscopy and extended by ex situ 
observations using scanning electron microscopy (SEM). For SPM measurement, 
the samples were heated from 27-477 ºC while for SEM observations the samples 
were annealed for 2 h in UHV at several predetermined temperatures. The ligand 
shell exhibited a thermal decomposition at a temperature of about 117 ºC for both 
substrates leading to the formation of naked Au clusters. These Au clusters grow 
into larger aggregates on HOPG whereas they form small uniform Au aggregates 
on mica which was attributed to the stronger cluster-substrate interactions in the 
case of mica.   
Isaacs et al.136 studied the thermal stability of the AuNPs with multilayer 
assemblies derived from normal and ω-functionalized alkane- and arenethiols. 
They prepared several nanoparticle multilayer films, which were grown layer-
by-layer by alternating exposures of reactive substrates to solutions containing 
AuNPs or linkers. The temperature dependence of the mass losses of the 
alkanethiolate-protected gold clusters was examined by comparing the peak 
maximum temperatures of derivated thermogravimetric (DTG) peak. These 
results clearly show that the monolayer with a longer alkyl chain required a 
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higher temperature for the complete mass losses (most probably due to higher 
decomposition temperature of the higher alkyl chains). In addition, their results 
suggested that the temperature for complete mass losses increases linearly with 
the increase in the alkyl chain length of protecting organic monolayers. The 
study further showed that the stability of NPs multilayer films depended on the 
structure and functionality of the linker molecules (e.g. metal linkers, polymer 
linkers, and dendrimer linkers) used to build the films. 
The solution thermal stability of AuNPs can be improved by using 
multidentate ligands as reported by Srisombat et al.137. They synthesized AuNPS 
by using octadecanethiol (n-C18), 2-hexadecylpropane-1,3-dithiol (C18C2), 2-
hexadecyl-2-methylpropane-1,3-dithiol (C18C3), and 1,1,1-tris (mercaptomethyl)-
heptadecane (t-C18), to vary the degree of chelation in a systematic fashion. 
Thermal stability of AuNPs in solution was probed by heating the AuNPs in 
decalin at 80, 100 and 120 ºC and studying the optical properties by UV–Vis 
spectroscopy. The studies found that the evolution (red-shift) of the surface 
plasmon resonance of the monolayer protected AuNPs, which is indicative of an 
increase in size, depends on the binding nature of the monolayer. More 
specifically, the ligands afforded protection against aggregation according to the 
following trend: tridentate > bidentate > monodentate. 
1.6.2 Chemical Stability of AuNPs 
The chemical stability of the alkanethiolate protected AuNPs can be probed 
by means of CN- induced decomposition of the NPs. The progressive etching of 
the brownish AuNP solution into a colorless solution can be monitored by UV-
Vis spectroscopy and the rate of decoloration can be related to the protection 
offered by the ligand. The CN anions must diffuse through the organic ligand 
shells to etch the gold atoms and form (AuCN)2- complexes as depicted by 
Elsner’s Equation (3).138 Consequently, the stability of the AuNPs will mainly 
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depend on how well the monolayer shields the gold surface, which should 
mainly be a function of packing density of the ligands and number of defect sites.   
4 Au(0) + 8 NaCN + O2 + 2 H2O → 4 Na[Au(I)(CN)2] + 4 NaOH ..... (1.3) 
The first study on the cyanide etching of AuNPs was reported by Weisbecker 
et al.139 AuNPs were synthesized by the adsorption of various alkanethiols 
HS(CH2)nR, where R represents a series of neutral and acidic functional groups. 
Expectedly, the rate of decomposition decreased with increasing length of the 
alkyl chain. Similar results were reported by Templeton et al73 who reported that 
the rate of decomposition decreases with increasing chain length and steric bulk. 
The branched monolayers provided substantially more protection, with the 
general stability trend sec-C4 > iso-C4 > n-C4.  
Paulini et al.140 reported on the effect of branched ligands on the chemical 
stability of AuNPs containing amide functionality within the ligand chains and 
altered the peripheral functional groups as well. This work revealed a correlation 
between the decomposition rate and the intramonolayer hydrogen bonding and 
ligand packing density. The monolayers exhibiting strong H-bonding (due to 
peripheral amide groups) show the slowest decomposition rates and protect the 
gold core most efficiently whereas decomposition rates increase up to 9-fold for 
the MPC with the weakest H-bonding. 
Ligands that possess the ability to bind to the surface of gold via multiple sites 
can enhance the stability of AuNPs via the entropy-driven chelate effect. Mei et 
al.141 investigated the chemical stability of AuNPs exchanged with either 
monothiol- or dithiolane-terminated PEG-OCH3 ligands. They concluded that a 
balance between the coordination number (chelation) and surface packing 
density is crucial to enhancing the colloidal stability of AuNPs. The investigation 
found that the dithiolane ligands are better at stabilizing small AuNPs (∼5 nm), 
while the monothiol ligands are better at stabilizing larger gold nanoparticles 
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(∼15 nm). Similarly, Srisombat and coworkers142 used chelating alkanethiols 
(Scheme 1.7.) for the synthesis of AuNPs (~2 nm) and investigated the chemical 
stability against cyanide etching.  
Scheme 1.5: Structures of n-octadecanethiol (n-C18), 2-hexadecylpropane-1,3-
dithiol (C18C2), 2-hexadecyl-2-methylpropane-1,3-dithiol (C18C3), and 1,1,1-tris 
(mercaptomethyl) heptadecane (t-C18).142 Reprinted (adapted) with permission from 
Srisombat, et al. Langmuir 2008, 24, 7750–7754.  Copyright (2008) American Chemical Society. 
 
 
While NPs functionalized with n-C18 showed the fastest rate of decomposition, 
those functionalized with C18C3 were the most resistant to decomposition. 
Overall, the following trend in chemical stability was observed, C18C3 >> C18C2 > 
t-C18> n-C18. They concluded that a combination of strongly bound headgroups 
and sterically congested tailgroups is vital for enhancing the chemical stability of 
NPs. Liu et al.143 synthesized cross-linked polynorbornene coated AuNPs and 
etched with cyanide. The polymers were grown radially from the particle surface 
and cross-linked using variety of diamines. The distance of the cross-linking 
block from the nanoparticle surface was systematically varied. Nanoparticles 
with the cross-linked block furthest from the surface were etched most slowly. 
This is suggested to arise as a result of the polymers adopting a mushroom 
conformation when the cross-linking block is close to the particle surface, while 
more distal cross-linking results in more rigid polymer chains that are less 
permeable to the cyanide etchant. The study suggested that by controlling the 
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polymer cross-linking architecture one can tune the stability and access of NPs 
for further reactions or reagents.  
1.7 Outlook for Gold Nanoparticles 
Gold nanoparticles can be synthesized in gram scales at present while 
synthetic techniques continue to evolve leading to improved control over the size 
and shape of the nanoparticles generated. To provide tailored nanoparticle 
samples for a wide range of applications, any synthetic method must be 
convenient (in synthesis and workup procedures) and general. Ligands play a 
very important role in defining the properties of the nanoparticle and an efficient 
ligand design provides a barrier against harsh chemical or thermal environments.  
1.8 Palladium Nanoparticles (PdNPs) 
Palladium is most interesting for its extraordinary capability to absorb H2. 
Incredibly, it can absorb up to 900 times its own volume of H2 at room 
temperature and atmospheric pressure, making it an efficient and safe storage 
medium for H2. When it is finely divided, Pd also can serve as a good catalyst for 
hydrogenation and dehydrogenation reactions as well as cracking. In organic 
chemistry, a large number of carbon–carbon bond forming reactions, such as 
Heck or Suzuki type couplings, are facilitated by catalysts based on Pd0. 
Presently, the largest amount of Pd is probably consumed in catalytic converters 
for the automotive industry, which convert up to 90% of harmful gases (e.g., 
hydrocarbons, CO and NO) into less harmful substances such as CO2 and N2.144 
Despite the many scientific and industrial applications of palladium in organic 
chemistry and catalysis, its nanoparticles have received much less attention than 
AuNPs.  
The usual technique for the synthesis of palladium nanoparticles is the 
chemical reduction of the metal salt, often a chloride, in the presence of a 
stabilizer.145 An array of reducing agents has been successfully employed, 
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including NaBH4, potassium bitartarate, superhydrides, amines, and alcohols. 
The most common capping agents are n-alkanethiols or polymers, however, 
other capping agents have also been used.145 
Lu et al.146, reported the synthesis of amorphous nanoparticles and crystalline 
Pd nanoparticles from PdCl2. Thiol-stabilized palladium particles with narrow 
size distributions and different structures were obtained by the two-phase 
system and ligand-exchange reaction. It was determined that NaBH4 reduces 
Pd(II) ions to Pd atoms quickly resulting in the formation of amorphous Pd 
particles, while ethanol reduces Pd(II) ions gently resulting in the formation of 
crystalline Pd particles. 
Highly uniform sized monodisperse Pd nanoparticles (3.5, 5, and 7 nm) can 
be synthesized by the thermal decomposition of Pd-surfactant complex.147  The 
Pd-surfactant complex comprising of Pd(acac)2 and trioctylphosphine (TOP) was 
prepared at room temperature and heated to 300 ºC followed by aging in the 
presence of TOP or a mixture of TOP and oleylamine. TEM studies revealed that 
polydisperse and smaller nanoparticles with irregular nonspherical shape were 
generated right after the decomposition of Pd-surfactant complex and that 
particle size increased and particle size distribution became narrower as high-
temperature aging was conducted. This digestive ripening mechanism led to 
formation of uniform nanoparticles.  
Ganesan et al.148 reported a one-step and general procedure for the gram-scale 
synthesis of monodisperse palladium nanoparticles with sizes ranging from 1.7 
to 3.5 nm by using a thioether (n-dodecyl sulfide). It was determined that n-
dodecyl sulfide produces monodisperse Pd nanoparticles regardless of the 
synthetic procedure used (i.e., pyrolysis, polyol reduction, and chemical 
reduction). Immobilization of the Pd nanoparticles onto commercial SiO2 
resulted in rapid and efficient catalysis. The immobilized PdNPs were used for 
the hydrogenation of olefins such as styrene, 1,5-cyclooctadiene, and 6-bromo-1-
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hexene. Moreover, the immobilized nanoparticles could be recovered 
successfully and maintained catalytic conversion rates >95% even after 8 cycles 
as compared to the colloidal PdNPs which started to loose efficiency due to 
aggregation after 2 cycles.  
For catalytic applications the shape controlled synthesis of Pd nanoparticles is 
particularly advantageous because different facets and presence of kinks and 
steps could result in different activity and selectivity towards different reactions. 
This was found to be associated with the concentration of catalytically active 
atoms on the different types of surfaces.149 The catalytic properties are therefore 
expected to be different and interesting, in terms of both activity and selectivity. 
Cheong et al.149 and Xia et al.8 have presented excellent reviews on the shape 
controlled synthesis and the applications of such PdNPs.   
1.9 Polymer Nanocomposites (PNCs) 
The reinforcement of polymers using fillers, whether inorganic or organic, is 
common in the production of modern plastics. Polymeric nanocomposites 
(PNCs) represent a new alternative to the conventional filled polymers or 
polymer blends. In contrast to conventional systems, where the reinforcement is 
of the order of microns, PNCs are exemplified by discrete constituents of the 
order of a few nanometers (<100 nm) in at least one dimension. The small size of 
the fillers leads to an exceptionally large interfacial area (2-50 nm2) in the 
composites. The interface controls the degree of interaction between filler and 
polymer and thus affects the properties of the composite.150,151 Polymer 
nanocomposites are by far most widely commercialized than all other 
nanocomposites (metal or ceramic matrix) and global revenues were 
approximately US$223 million in 2009.152 PNCs can be broadly classified as: 
 Nanoclay-reinforced composites 
 Carbon nanotube-reinforced composites 
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 Nanofibre-reinforced composites, and 
 Nanoparticle-reinforced composites. 
The following review is limited to metal nanoparticle reinforced composites 
because the many other types of fillers are not relevant to this thesis and their 
review would be beyond the scope of an introduction.  
1.9.1 Polymer-Nanoparticle Composites  
Polymer nanocomposites with metal or semiconductor particles randomly 
dispersed in polymers are expediently prepared via chemical or electrochemical 
methods.  A list of common chemical methods is given below and these methods 
have recently been reviewed153-155: 
 Polymerization of the monomer in the presence of the metal nanoparticles 
 The reduction of metal ions from their salt solution (in situ reduction) 
within the polymer solution (solvent is later evaporated). 
 Simultaneous formation of metal nanoparticles and polymer 
 Co-sputtering of the polymer and the metal nanoparticles using different 
magnetron sources and/or atom beam  
Electrochemical synthesis is a well-established technique for the preparation 
of conducting polymer (CP) films via oxidative coupling of monomers. The 
technique is very versatile and polymers with functional side groups can be 
synthesized by modifying the monomer prior to electro-oxidation.154,155 The 
technique is widely used for the synthesis of conjugated polymer 
nanocomposites. Initial attempts to electrochemically impregnate polymers with 
metal NPs employed a two-step electrochemical process. In the first step, a 
polymer such as polyaniline polypyrrole or poly(methylthiophene) is deposited 
onto an electrode by electro-oxidation of the appropriate monomer. Films of the 
polymers are then dipped in a solution containing metal species such as Ag+ or 
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Cu2+ followed by electrochemical reduction yielding Ag or Cu clusters 
embedded in the polymer. However, the nanoparticles so formed are often large 
with large size distributions and often inhomogeneous particle distribution is 
observed in the matrix. An alternative approach is to carry out the electro-
polymerization of the monomer in the presence of pre-synthesized colloidal 
dispersion of the nanoparticles. This leads to the particles being trapped within 
the growing polymer instead of being confined to the surface as observed when 
metal particles are deposited onto pre-formed (onto an electrode) polymers by 
reduction of metal ions. Since a large variety of metal NPs can be synthesized 
and their sizes controlled, this method is particularly advantageous that 
significant control over embedded NPs can be exerted and a large variety of NPs 
can be used as fillers.154,155  
Incorporation of noble metal nanoparticles into a polymer matrix has 
received more attention within the past decade and novel applications in 
catalysis, drug delivery, wound dressings, antimicrobial/antifungal coatings, 
immunoassay tools, optical information storage, fiber optics, electrochromic 
devices, surface enhanced Raman scattering (SERS), gas and vapor sensors, and 
improved thermal and electrical conductivities are being pursued.154,156,157 
Another area of increased research activity is the development of manufacturing 
techniques for spatial “engineering” of nanofillers in polymer matrices to tailor 
properties and has been reviewed by Vaia et al.158 Noble metal polymer 
nanocomposites and their applications are further discussed in the introductions 
of Chapters 4 and 5.  
1.10 Research Objectives 
The objectives of this study are: 1) to develop alternative ligands to 
alkanethiols for AuNPs 2) to incorporate metal nanoparticles into polymers for 
 Introduction 
 40 
the preparation of new nanocomposites and 3) to investigate the effect of ligand 
design on the properties of metal nanoparticles.  
Objective 1 is covered in Chapters 2 and 3 that focuses on new ligands for Au 
NPs and their effect on the properties of these NPs. In particular, properties of 
Au NPs protected by alkaneselenolates, dialkyldithiophosphonic acids (DTPA, 
P(S)SHR2) and dialkyldithiophosphates (DDP, P(S)SH(OR)2) ligands are 
compared to properties of similar AuNPs protected by conventional 
alkylthiolates. Their extensive characterization by a variety of techniques 
including UV-Vis spectroscopy, solution NMR, TEM, TG, DSC, XRD, and XPS 
provides information on purity, size, organic to metal ratio, crystallinity, as well 
as chemical and thermal stability of the derived AuNPs. 
Objective 2 is addressed in Chapter 4 and 5 that describe the properties of 
polyurethanes containing AuNPs or AgNPs. Of particular interest are the 
thermal and electrical conductivities of these materials.  
Objective 3 is addressed in Chapter 6 that describes the synthesis of PdNPs in 
the presence of thiols of different conical bulk and their effect on the sizes and 
size distributions of the NPs. This study is an extension of previously published 
work on Au NPs.129 
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2 Chapter 2   
 
 
 
Thermal and Chemical Stability of Gold 
Nanoparticles Protected with Alkyl Thiolates and 
Selenolates 
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2.1 Introduction  
Gold nanoparticles (AuNPs) are widely used in nano-science and are 
important building blocks for nano-structured materials.1 Particularly versatile 
are soluble AuNPs protected by self-assembled monolayers of organic ligand 
molecules because their sizes, shapes, and properties can be tailored by changing 
the structure of the protective organic ligand.1-6 Potential applications of 
monolayer protected Au NPs include biosensors,7,8 catalysis,9-11 solar cells,12,13 
surface enhanced raman scattering (SERS),14 cancer therapy and imaging,15,16 
drug delivery,17 DNA conjugation,18 self-organizing systems such as liquid 
crystals19-21 and self-assembly.22 
The vast majority of protective ligands reported contain the thiolate linking 
group because of their high affinity toward gold surfaces and the large body of 
knowledge established for 2D self-assembled monolayers (SAMs).23-30 Stability, 
solubility, and other properties of the thiolate protected AuNPs have been 
altered by changing the organic group and in particular by introducing 
additional, mostly terminal, functional groups such as OH, NH2, SO3H, and 
COOH.6 
Other linking groups have been studied for AuNPs, such as phosphines,31 
amines,32,33 carboxylates,34 isocyanides,35 dithiocarbamates,36 and other 
chalcogenides37-39 but most of them form less stable monolayers on Au than 
thiolate.23,37,40 An exception may be selenolates that form more ordered and 
stable 2D SAMs on gold(111) surfaces.41 Se offers an improved electronic match 
for the Au surface in comparison to S; making Se based SAMs more relevant for 
molecular electronics applications.42-44 The alkyl selenolates may also be more 
stable toward oxidation than alkyl thiolates, which oxidizes readily in oxidizing 
environments.45,46 In contrast, monolayers of alkyl tellurates on AuNPs oxidize 
more readily than thiolates.39 We note here that some earlier reports on SAMs of 
selenolates on Au(111) concluded incommensurate packing, lower stability and a 
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weaker bonding when compared to thiolates.27,47 These findings have recently 
been explained with the use of diselenides samples that were contaminated with 
triselenides and possibly higher oligoselenides.48 
Formation of higher ordered and more stable monolayers of selenolates on 
gold is mainly reasoned with a better match of the van der Waals radius of Se 
(2.00 Å versus 1.85 Å for S) with the Au(111) lattice and slightly higher bonding 
energy between the Au surface and selenolate.49,50 The high stability and binding 
energy of Au-Se was further proven by recent exchange experiments51 of 
alkaneselenol against alkanethiolate SAMs and by comparative ion-induced 
desorption studies.52 The higher stability of Se-Au(111) bond than S-Au(111) was 
reasoned with the reorientation of Au(111) substrate step edges upon adsorption 
of Se molecules and a lesser corrugated binding energy hypersurface. This 
indicates a higher adsorbate induced mobility of Au atoms in the top layers, 
thus, a stronger adsorbate bonding to substrate as compared to thiol anologues 
where such reorientation occurs only at elevated temperatures.51  
Only a few studies on AuNPs protected by organoselenides have been 
reported in the literature37,53-55 and only two reports compare the properties 
between similar AuNPs protected by alkyl selenolate and thiolate ligands of 
identical alkyl groups. Yee et al.55 concluded from their studies based on AuNPs 
prepared by a crude single phase synthesis56,57 that alkyl selenolates form less 
ordered monolayers than alkyl thiolates but the thermal stability of the formed 
NPs is similar. In contrast, Brust et al.37 reported that the alkyl selenolate AuNPs 
are less stable than their analogous alkyl thiolate AuNPs but both form 
Langmuir films of equal quality. The other two studies on alkyl selenolate 
protected Au NPs by Zelakiewicz et al.54 and Li et al.53 do not describe their 
properties in more detail but are concerned with 77Se NMR and mechanistic 
studies on the Brust-Shiffrin two phases synthesis, respectively.   
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Presented here is a comprehensive comparative study of AuNPs protected by 
alkyl selenolates and thiolates that specifically focuses on their relative thermal 
and chemical stabilities and the degree of crystallinity within the ligand 
monolayers. In contrast to previous studies, we decided to prepare all AuNPs 
from a single stock solution of dodecylamine protected AuNPs by ligand 
exchange reactions with thiols, disulfides, and diselenides. This approach is 
expected to generate NPs of more similar Au cores so the observed property 
differences in properties of the NPs are mainly caused by the different organic 
ligands. Great care was also taken to ensure that the prepared dialkyl diselenides 
do not contain tri- and higher selenides by choosing a recently published new 
synthetic approach.48 
2.2 Experimental  
2.2.1 Materials 
Didodecyldimethylammonium bromide (DDAB, 359025), tetrabutyl 
ammonium borohydride (TBAB, 230170) and dodecylamine (DA, D222208) were 
pure purchased from Sigma-Aldrich while Au salt (AuCl3, 93-7907) was 
procured from Strem Chemicals Inc. The ligands dihexadecyl diselenide 
(C16H33Se-SeC16H33), didocosane diselenide (C22H45-Se-Se-C22H45), didocosane 
disulfide (C22H45S-SC22H45), dihexadecyl disulfide  (C16H33S-SC16H33), docosane-
1-thiol (C22H45-SH), were synthesized in high purity following the reported 
procedures.48,58 All organic solvents were obtained from a solvent purification 
system (Innovative Technology®, using anhydrous solvents of at least 99.8% 
purity having ≤0.001% water from Aldrich).  
2.2.2 Synthesis of Gold Nanoparticles  
Precursor AuNPs protected by dodecylamine (NC12 in Scheme 2.1) were 
prepared in larger quantities by a slightly modified previously reported single 
phase approach.32 The general procedure comprised of preparing a 50 mM of 
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DDAB solution in 100 mL of toluene under stirring and later sonication. 10 mL of 
this solution was taken out to dissolve 0.333 g of TBAB and set aside. To the 
DDAB stock solution 100 mg of AuCl3 salt was added under stirring and later 
sonication to obtain an orange color solution. 0.24 g of DA was added to this 
solution and sonicated. The solution color changes from orange to light yellow. 
Finally, TBAB solution was added at once through syringe under vigorous 
stirring to generate a dark brown solution confirming the formation of AuNPs. 
The solution was stirred for at least 3 hours. 
The reaction solution of AuNPs NC12 was separated into fractions and 3.5 eq. 
or 1.5 eq. (with regard to dodecylamine content) of diselenide, disulfide, or thiol 
ligands (dielenides and disulfides count as two ligands with regard to thiols) 
were added for in-situ exchange (Scheme 2.1). Although exchange is expected to 
be completed in minutes the dark brown nanoparticle solutions were stirred for 3 
hours under argon before twice to volume of methanol was added for 
precipitation of the NPs. The suspensions were transferred into centrifuge tubes 
and kept in a fridge for several hours until all precipitates settled.  Centrifuging 
at 2100 g for 15 min was sufficient for isolating the precipitated NPs which were 
redissolved in toluene under sonication, precipitated with methanol, and again 
isolated by centrifugation. This procedure was repeated until no free ligand and 
almost all of the surfactant was removed based on 1H-NMR analysis. Best 
monitored by 1H-NMR is the disappearance of the signals between 4-2.5 ppm 
that belong to the methylene groups bond to N, S, or Se atoms of the surfactants 
and ligands. These methylene groups are not visible under standard solution 
NMR conditions if the ligand is bond to the surface of the AuNP. 
The number of reprecipitations required for purification depended on the 
amount of ligand added for exchange and the type of ligand. Dialkyl diselenides 
are particularly difficult to remove because their low solubility resulted in co-
precipitation with the NPs. Thiols are most easily removed because they are 
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soluble in the toluene/methanol mixtures. Dichloromethane was also tested for 
the precipitation of AuNPs SeC22 and SeC16 because it is a better solvent for 
diselenides than methanol but the same number of re-precipitation steps were 
required for purification and the precipitate forms less easily. Typically 3-5 re-
precipitation steps are required for the alkyl thiolate protected AuNPs and 5-9 
for the alkyl selenolate protected AuNPs (Table 2.1). The lesser numbers of 
required re-precipitation steps are obtained if only 1.5 eq. of ligand was added. 
2.2.3 Characterization 
UV-VIS spectra of solutions in toluene (spectroscopic grade) were recorded 
on a Varian Cary 50. 1H NMR spectra were run on Bruker NMR spectrometers 
(DRX 500 MHz, DPX 300 MHz and DPX 300 MHz with auto-tune); peak values 
are given in ppm. Deuterated chloroform (CDCl3) was used as solvent and the 
residual proton signal functioned as a reference signal. Multiplicities of the peaks 
are given as s = singlet, d = doublet, t = triplet, m = multiplet. Data are presented 
in the following order (multiplicity, integration). 
Transmission Electron Microscopy (TEM) was performed on a JEOL 2010F 
FEG TEM/STEM operated at an accelerating voltage of 200 keV.  Thin films of 
dilute solutions of NPs in toluene were drop coated onto a carbon-coated copper 
grid (200 mesh, SPI Supplies) and the solvent was allowed to evaporate. The 
nanoparticles were analyzed using DigitalMicrograph™ (DM) software by Gatan 
Inc. The sizes and size distributions reported were obtained by measuring at 
least 200 particles per sample.  
Thermal gravimetric analysis was conducted on a Mettler Toledo TGA SDTA 
851e. Helium (99.99 %) was used to purge the system with a flow rate of 60 
mL/min.  Samples (typically 1.5 - 2 mg) were held at 25 °C or 30 °C for 30 
minutes before they were heated to 1100 °C at a rate of 2 °C/min in alumina 
crucibles.  
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Differential Scanning Calorimetry (DSC) was conducted on a Mettler Toledo 
DSC 822e. Nitrogen (99.99 %) was used to purge the system at a flow rate of 80 
mL/min.  Samples (1.5-2 mg) were monitored over the temperature range of -40 
to 300 °C in a heat/cool/heat cycle at 10 °C/min.  
All powder XRD spectra were run on a Bruker D8 Discover diffractometer 
with a GADDS 2D-detector operating at 40 kV and 40 mA. CuKα1 radiation (λ = 
1.54187Å) with an initial beam of 0.5 mm in diameter was used. All samples were 
sealed in Charles Supper Company 0.5 mm glass capillaries and run for 1 hour 
each at 2-theta values of 18°, 50°, and 80°. All samples were run at 30 °C, 90 °C 
and again 30 °C upon cooling except for AuNPs SC16 which were run only at 30 
°C.  
The samples were analyzed by X-ray photoelectron spectroscopy (XPS) using 
a Kratos Axis Ultra X-ray photoelectron spectrometer. Survey scan analyses were 
carried out with an analysis area of 300 × 700 microns and pass energy of 160 eV. 
High resolution analyses were carried out with an analysis area of 300 × 700 
microns and pass energy of 20 eV.  High resolution spectra are charge corrected 
to Au 4f7/2 set to 83.95 eV. 
Chemical stability of the AuNPs was determined by cyanide (NaCN) induced 
etching. 1 mL of a 10 mM NaCN solution in THF:H2O 7/3 was added to 2 mL of 
a solution of AuNPs in THF (0.1 mg/mL). The solutions were briefly agitated to 
ensure proper mixing. Similarly, the nanoparticles (0.1 mg/mL) were dissolved 
in THF and toluene (2 mL each) and were exposed to 1 mL of 10mM solution of 
tetrabutlyammonium cyanide ((t-Bu)4NCN).  The decay in absorbance at the 
respective plasmon bands maxima was monitored every 2 seconds for 3 hr. The 
solution turned colorless with residue sitting at the bottom of the cuvettes. Each 
experiment was repeated three times at least. The decomposition rate data were 
fit to a general first-order equation, A = Aoe-kt, where Ao is the absorbance (i.e., 
loss of transmittance) and was assumed to be constant. 
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2.3 Results and Discussion 
2.3.1 Synthesis and Characterization (by UV-Vis and TEM) 
A stock solution of gold nanoparticles (AuNPs) was prepared in high yields 
following the method of Jana et al.32 Portions of the obtained dodecylamine 
protected Au NPs (NC12) in toluene solution were in situ ligand exchanged with 
hexadecane- and docosane-1-thiols and their disulfides as well as with 
dihexadecyl and didocosyl diselenides to give the corresponding alkyl thiolate 
and alkyl selenolate protected AuNPs (Scheme 2.1).  
 
 
Scheme 2.1. Synthesis of alkyl thiolate and alkyl selenolate protected AuNPs 
(not to scale). The percent values in brackets indicate the weight % of organic 
content (mostly ligand) of different samples based on thermal gravimetric 
analysis. 
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All AuNPs were monitored by UV-Vis spectroscopy in toluene solution that 
revealed little change of the broad plasmon band at about 510 nm after ligand 
exchange, a narrowing and shift to 519 nm of the plasmon band after the first 
precipitation, and again very little change after subsequent re-precipitation steps 
(see Fig. S2.1 in SI). These findings suggest the NPs do not grow during ligand 
exchange but during the initial purification steps until they reach more stable 
sizes of the Au cores. Excessive washing with methanol, however, will result in 
continuous growth of the Au NPs due to desorption of the ligands. 
TEM analysis supported our interpretation of the UV-Vis data and provided 
quantitative values (Table 2.1). Precursor AuNPs NC12 have sizes around 1.7 nm 
whereas the exchanged and purified AuNPs have sizes between 3.0-3.7 nm. The 
sizes of samples SC22(34%) and SeC22 were also measured after the exchange but 
before the first precipitation and confirmed that no growth had occurred. In fact, 
the exchanged AuNPs had slightly smaller sizes than the precursor NPs NC12, 
due to a possible growth of the amine protected AuNPs during their deposition 
on TEM grids because of their lower stability.33 Interestingly, size distributions 
remained similar in all samples. 
It was also evident from the TEM images that nanoparticles SeC22 and SeC16 
assemble in a more ordered fashion on the TEM grid than their thiolate 
counterparts. Representative TEM images and the size distributions for AuNPs 
NC12 and SeC22 are given in Figure 2.1 and are provided in the SI for all other 
AuNPs. Sizes and size distribution were not significantly affected by the 
different diselenide, disulfide, and thiol exchange ligands and neither by 
changing from 3.5 eq. to 1.5 eq. of exchange ligand. In contrast, successive re-
precipitation steps appear to slowly increase the size of NPs SeC22 but this effect 
was not systematically studied. 
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Table 2.1:  Sizes, size distributions (standard deviations) of as prepared and 
purified AuNPs. The values in brackets indicates the number of re-precipitation 
steps required for purification. 
 
NPs 
Sizes as 
prepared  
(nm) 
Sizes after 1st 
precipitation 
(nm) 
Sizes after 3-5 
precipitations  
(nm) 
Sizes after 6-9 
precipitations 
(nm) 
NC12 1.7 ± 0.6  - - 
SC16(25%)a   3.0 ± 0.5 (3)  
SC16(27%)b   3.2 ± 0.6 (3)  
SeC16(31%)    3.2 ± 0.6 (6) 
SC22(34%)b 1.3 ± 0.2c 3.3 ± 0.5 (1)d 3.7 ± 0.6 (4)  
SC22(38%)b   3.3 ± 0.6 (4)  
SC22(39%)a   tbd  
SC22(42%)a   tbd  
SC22(52%)a   3.3 ± 0.5 (5)  
SeC22(38.5%) 1.3 ± 0.2c 3.1 ± 0.5 (1)d  3.5 ± 0.6 (9) 
 
 aPrepared from corresponding disulfide; bPrepared from corresponding 
thiol; cThese NPs still contained free ligand and surfactant; dNPs SC22(34%) and 
SeC22(38.5%) after first precipitation.  
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Figure 2.1: TEM images and size distribution analysis of Au NPs NC12 (a) and 
purified SeC22 (b) 
Otherwise, all prepared thiolate and selenolate stabilized AuNPs show no 
change to their plasmon band at about 519 nm after 15 months of storage as 
dried solid and appear to be highly stable. This is in contrast to alkyl selenolate 
protected AuNPs reported by Brust et al.37 that increased in size even after a few 
days of storage and finally precipitated. Phenyl selenolate self-assembled 
monolayers have been reported to oxidize in air within a few days59 whereas the 
alkyl selenolate protected AuNPs do not show any oxidation after several 
months of storage based on XPS analysis described below. 
2.3.2 Determination of Purity by 1H-NMR and XPS 
1H-NMR has proven a useful tool to monitor ligand exchange reactions60,61 
and the purity of sufficiently soluble nanoparticles.62-64 Under standard solution 
NMR conditions signals of groups close to the surface of the AuNPs are not 
visible while groups at the end of the ligands opposite to the linking group are 
a 
b 
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well resolved and minimally broadened as long as the distance from the Au 
surface is sufficiently long (about 4-5 methylene groups). Consequently, the 
ligand exchange of dodecyl amine and surfactant molecules by alkyl selenolate 
and thiolate is not easily monitored by 1H-NMR because the aliphatic end groups 
are identical except for differences in numbers of methylene groups but the 
presence of ligand and surfactant molecules that are not attached to the Au 
surface is easily detected because of the characteristic peaks of their methylene 
groups attached to Se, S, or N between 2.5-4 ppm. All AuNPs were purified by 
reprecipitation steps until these signals of unattached ligands and surfactant 
molecules disappeared or were reduced to a minimum (representative 1H NMR 
spectra are shown in the SI).Purified AuNPs drop cast onto Si wafers were also 
studied by XPS after weeks and months of storage time to determine elemental 
content and detect possible oxidized selenium and sulfur groups. Survey scans of 
the seleonolate and thiolate protected NPs showed the expected peaks of the 
elements Se, S, C, and Au but no N or halogens (Br-) or oxidized selenium and 
sulfur species. Trace amounts of O and Si are attributed to the Si wafer substrate. 
These results confirm that the Au NPs do not contain surfactant, reducing agent, 
and amine molecules or their amounts are below the detection limit. A 
quantitative analysis of the XPS data did not yield meaningful results as alkyl 
chains longer than 5-6 carbon atoms are known to significantly attenuate signals 
from the core and surface of the NP.64 
2.3.3 Determination of Ligand to Gold Ratios by TGA 
Organic to gold ratios were measured by thermal gravimetric analysis (TGA) 
under He.26 The main weight loss event occurred around 250 ºC for all purified 
AuNPs and was followed by a slow weight loss process that leveled out at about 
800 ºC at a heating rate of 2 ºC/min (Figure 2.2 and Figure S2.4) or within 30 
minutes at 550 ºC. No other weight loss steps occurred up to 1100 ºC that would 
have indicated the presence of inorganic contaminants and/or oxidized sulfur or 
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selenium species.57 The extrapolated onsets of weight loss occurred between 200 
ºC and 250 ºC and are often considered as the decomposition temperature of 
NPs26,65-67 but these values are not very reliable. Organic ligands, for example, 
may desorb from the surface and cause aggregation to bulk gold at temperatures 
too low for their thermal removal. Onset values appear to slightly decrease with 
organic content and are the lowest for NPs SC16. 
We will show below that decomposition temperatures determined by DSC 
and optical methods are more accurate and contain additional information. 
Decomposition temperatures by both TGA and DTA or DSC may be measured in 
one experiment if the TGA instrument simultaneously detects DTA or DSC data. 
The mechanism of mass loss appears to be different for selenolate and thiolate 
protected AuNPs; a pronounced 2 step mass loss process is observed for 
selenolate protected AuNPs whereas the mass loss predominantly occurs in a 
single step for thiolate protected AuNPs. 
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Figure 2.2: TGA plot and analysis of AuNP SeC22 run at 2 ºC/min under He. 
TGA, in principle, can also be used for monitoring the purification since the 
organic content decreases with the removal of free ligand and surfactant 
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molecules. For example, NPs SeC22 and SC22 had organic contents of 77% and 
70% after the first precipitation that decrease to 38.5% and 34%, respectively, 
after purification. 
SC22 were prepared several times from 3 different batches of NC12 precursor 
NPs and with thiol and disulfide as exchanging ligands to probe reproducibility 
of the organic content and other properties. It can be seen from Table 2.2 that the 
organic content of the NPs is consistent by about ±3% if differences in sizes are 
considered with the exception of sample SC22(52%) that loses 14% more organic 
content than SC22(38%) even though their sizes and size distributions are almost 
identical. The reason for this unusually high organic content of 52% remains 
uncertain because no impurities or free ligand have been detected by NMR and 
XPS. However, the sample is included for comparison and to test what other 
properties are affected by the higher organic content. No correlation between 
organic content and the use of disulfide or thiol as exchange ligands was 
detected although NPs SC22 prepared with disulfide show slightly higher 
organic content than those prepared with thiol but the opposite result was 
observed for NPs SC16 (Table 2.2). 
AuNPs SC22(34%), SeC22(38.5%), SC16(27%), and SeC16(31%) were prepared 
from the same batch of NC12 precursor NPs and their relative organic contents 
agree well with the differences in molecular weights between the different 
ligands but disregarding the slightly larger size of NPs SC22(34%). A second and 
third batch of precursor NC12 was used for a comparison between alkyl thiols 
and alkyl disulfides as exchange ligands (NPs SC22(38%), SC22(52%), SC16(25%) 
and SC22(39%), SC22(42%), respectively). 
The surface coverage of ligands was estimated by assuming a truncated 
octahedral26,68 core for the AuNPs and a surface ligand to gold  ratio of 2.5 for Au 
NPs as compared to a ratio of 3 for 2D-SAMS.69 The number of atoms were 
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calculated by NAu= 59 nm-3(π/6)(DNP core)3 and the value of DNPcore was obtained 
from the TEM images. %Organic content was calculated by the formula;  
% organic content = (ratio of ligand to metal × ligand molecular weight)/ 
((ratio of ligand to metal × ligand molecular weight) × (total number of Au atoms 
× molecular weight of Au atoms)).                                                          (3.1) 
An example calculation is given at the bottom of the Table 2.2. The 
experimentally determined values are higher than the calculated % organic 
content for all nanoparticles except SC16(25%). It is also to be noted that NP 
surfaces have high radius of curvatures along with a significant number of 
corner and edge atoms and defect sites. The actual coverage will vary from the 
estimated as pointed out in some earlier work.26,69  
Table 2.2:  Extrapolated onset temperatures of weight loss and the % organic 
content of the NPs determined by TGA under He at a heating rate of 2 ºC/min 
AuNPs 
Onset 
Temperature 
(°C) 
Obs. 
Organic 
Content 
(%) 
Calc 
Organic 
content 
(%) 
SeC22(77%)a 239.4 76.7  
SeC22(38.5%) 216.5 38.5 34.8 
SeC16(31%) 220. 2 31 27.6 
SC22(70%)a 235.3 69.8  
SC22(38%) 210.0 38 28.0 
SC22(34%) 205.0 34 21.7 
SC16(27%) 199.7 27 24.4 
SC22(52%) 230.0 52 28.0 
SC22(42%) 221.6 42  
SC22(39%) 214.0 39  
SC16(25%) 172.8 25 28.2b 
aNPs SeC22(77%) and SC22(70%) before purification. 
bExample calculation: (250 x 258.51)/((250 x 258.51) + (834 x 197.7 ))*100 = 
28.2% 
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It has been proposed by many researchers70-74 that a positive oxidizing 
potential or oxidizing conditions assist the chemisorption of thiols via control of 
charge transfer process on 2-D surfaces. Such chemisorption is expected to give 
higher monolayer coverage on the Au surfaces which should lead to higher 
organic content in the TGA. We investigated the validity of the hypothesis for the 
synthesis of AuNPs by ligand exchange reaction under oxygen (open air instead 
of inert atmosphere). The precursor nanoparticles NC12 were exchanged with 
C22SH and purified as described above. The % organic content measured by TGA 
was 35.5%, which is lower than the organic content of the NPs prepared under 
inert conditions (under N2), and the NPs had a lower degree of side-chain 
crystallinity. It was concluded from these results that oxidizing conditions do not 
significantly affect the exchange of ligands.  
2.3.4 Reversible Melting of Aliphatic Chains and Thermal 
Decomposition of NPs Measured by DSC 
Differential Scanning Calorimetry (DSC) was employed to investigate the 
degree of crystallinity in the organic ligand shell and the decomposition 
temperatures of the nanoparticles. All exchanged AuNPs show reversible 
melting and crystallization transitions of the organic ligands if not heated to their 
decomposition temperatures (Table 2.3 and SI). However, peaks are much 
narrower and transitions enthalpies are higher for both selenolate capped AuNPs 
when compared to the thiolate capped AuNPs.   
A quantitative comparison is possible if the transition enthalpy values are 
used to estimate degree of crystallinity of the aliphatic chains on the AuNPs. The 
melting enthalpies of the nanoparticles from solution (1st melting) were 
compared with the melting enthalpies after the decomposition of the AuNPs by 
taking into account the weight of the samples for accurate comparison as shown 
in Table 2.3. Crude nanoparticles having the highest organic content possessed 
the highest degree of crystallinities as expected. A general trend observed is the 
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higher the organic content, the higher is the degree of crystallinity. For the same 
organic content, the aliphatic chains are more crystalline for SeC22 nanoparticles 
than for their thiolate counterparts. 
Heating the AuNPs beyond 100 °C produces irreversible transitions during 
the first heating cycle that are likely caused by the agglomeration of the AuNPs 
to bulk gold (Figure 2.3 and SI). No plasmon bands could be detected in the UV-
Vis spectra and sharp intense peaks of the gold lattice occur in the XRD patterns 
after samples were heated to these temperatures, which prompted us to call them 
decomposition temperatures of the AuNPs. Furthermore, the melting and 
crystallization transitions of the following cooling and heating runs resemble 
those of the free ligands rather than the ligands bonded to AuNPs. The 
decomposition temperatures were also confirmed by UV-Vis of the materials 
after the DSC runs. 
The decomposition temperatures were further confirmed by heating the 
nanoparticle films on quartz slides to 250 °C and recording the UV-Vis spectra 
every 20 °C (SI, Figure S2.7). Crude and purified SeC22 nanoparticles had same 
decomposition temperatures. Decomposition temperatures of 148 ºC and 163 ºC 
for SeC16 and SeC22 respectively, are about 70 ºC lower than the decomposition 
temperatures of thiolate protected AuNPs while the differences between C16 and 
C22 alkyl chains were marginal. An exception is the lower decomposition 
temperature of 142 ºC for SC16(25%) than the SeC16. The SC16(25%) possess lower 
organic content than the expected 27% which may contribute to the coagulation 
of AuNPs at much lower temperatures. Nanoparticles synthesized form disulfide 
ligands showed highest decomposition temperatures 230 ºC followed by NPs 
synthesized from alkanethiolates. All decomposition temperatures were 
characterized by endothermic transitions. 
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Table 2.3: Transition temperatures, degree of crystallinity and decomposition 
temperatures of AuNPs measured by DSC (10 ºC/min, hch cycle). 
 
NPs 
Ligand Melting 
(1st melting) 
Temperature 
(°C) 
Degree of 
Crystallinity 
(%) 
Decomposition 
Temperature 
(°C) 
Dialkyl Diselenides  
SeC22(77%) 71.51 94.3 163.26 
SeC22(38.5%) 66.67 88.0 163.32 
SeC16(31%) 35.53 46.6 148.00 
Alkyl thiols  
SC22 (70%) 71.69 93.6 217.61 
SC22 (38%) 41.49 46.2 217.97 
SC22 (34%) 48.05 43.6 209.77 
SC16 (27%) 33.13 29.2 214.2 
Dialkyl Disulfides 
SC22 (52%) 68.58 88.6 230.40 
SC22 (42%) 75.10 61.3 229.22 
SC22 (39%) 61.87 47.7 228.79 
SC16 (25%) 39.27 18.6 142.02 
 
The reversible melting of the side chains was observed for both selenolate 
and thiolate protected nanoparticles. The relatively high enthalpies for the 
melting transitions in the case of NPs SeC22 and SeC16 are indicative of a higher 
order packing and crystallinity of their side-chains. The higher order packing can 
be attributed to the trans extended chain conformation of the side chains onto the 
nanoparticles with almost no gauche conformations or defects; imparting a 
“crystalline or solid like” packing as has been reported earlier.41,55,75 A decrease 
in the chain length or in the organic content leads to an increase in disorder due 
to introduction of gauche defects resulting in a liquid like behavior as was 
observed for SeC16. 
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Figure 2.3: DSC of (a) SC22(52%) and (b) SeC22(38.5%) upon heating from - 40 
to 300 °C. The inset is an expanded portion of the nanoparticle decomposition 
regime. The heating and cooling cycles have been shifted for clarity. 
The effect was observed more systematically in the case of thiolate protected 
nanoparticles. The SC22(52%) nanoparticles showed highest organic content and 
crystallinity followed by SC22(38%). A decrease in chain length from C22 to C16 
led to lower crystallinity with broader transitions, for example, SC16(25%) had 
the lowest organic content and the lowest crystallinity of all the nanoparticles.  It 
is worth mentioning that selenolates showed relatively higher crystallinity than 
their thiolate counterparts for the same organic content which is expected due to 
relatively lower packing order of the thiolates onto the NPs surfaces and has 
been established earlier as well that thiolates SAMs are less ordered as compared 
to the selenolate SAMs.41,49,59 Similar behavior of reversible chain 
disordering/ordering has been reported by Badia et al.63 They further proposed 
the chain disordering originates at the chain terminus and propagates towards 
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the middle as the temperature increases leading to chain melting but the disorder 
does not extend to the tethered headgroup.6,63 
An interesting feature of the present DSC study is the determination of the 
thermal stability of the formed nanoparticles. Although TGA provides insight 
into the total organic content, but it fails to provide the exact decomposition or 
desorption temperatures where nanoparticles decompose. DSC can provide a 
direct measurement of the decomposition temperature and, to the best of our 
knowledge; this is the first report of using DSC to investigate the decomposition 
of AuNPs. The alkanethiolate protected nanoparticles showed higher 
decomposition temperatures as compared to the alkaneselonoate nanoparticles. 
The ligand detached from the AuNPs show characteristic transitions as free 
ligands during the 2nd heating cycle. As a general trend, nanoparticles exhibiting 
higher degree of crystallinity and organic content showed higher decomposition 
temperatures. This may be attributed to the better packing of alkyl chains with 
minimal of defects around the metal cores thus restricting the aggregation of the 
metal cores.  
Variable temperature powder XRD of the alkaneselonoate and alkanethiolate 
gold nanoparticles was carried out at 30 °C, 90 °C and again at 30 °C upon 
cooling  to probe the crystallinity of the NP cores and of the aliphatic chains and 
the results are presented in Figure 2.4. The XRD patterns of all types of AuNPs 
consist of intense broad small angle peaks around 2θ = 5° and are attributed to 
the periodic packing of the NPs. The broad reflections at 2θ values of 38º and 44º 
are assigned to (111) and (200) reflections suggesting a FCC-like gold core for all 
NPs.  
 AuNP(Se, S)R   
 68 
5 10 15 20 25 30 35 40 45 50
100
1000
100
1000
100
1000
10000
FCC Gold Core
(200)
 Angle (2θ)
30 oC
(111)
Crystallinity of Aliphatic chains 
90 oC
Co
u
n
ts
 
(cp
s
)
30 oC Cool
10
100
1000
5 10 15 20 25 30 35 40 45 50
100
1000
10000
10
100
1000
SC22(52%)
 
 
Co
u
n
ts
(cp
s)
SeC22
 
Angle (2θ)
 
 
SC22(38%)
     
Figure 2.4: Powder XRD patterns of Gold nanoparticles (a) SeC22(38.5%) at 
different temperatures and  (b) SC22(38%), SC22(52%) and SeC22(38.5%) at room 
temperature. 
The broad and sharp signals between 2θ values of 18º and 25º are attributed 
to the amorphous or crystalline aliphatic chains, respectively. There is a distinct 
difference between the XRD patterns of the alkaneselonoate and alkanethiolate 
gold nanoparticles especially in the 2θ range of 18-25°. The alkaneselonoate 
(SeC22, SeC16) protected nanoparticles show sharp reflections in this range which 
is characteristic of crystalline aliphatic chains. These sharp reflections disappear 
upon heating to 90 °C due to melting of the side chains rendering them 
amorphous, however the gold core signals can still be observed. However, the 
sharp reflections in the 2θ range of 18-25° reappear upon cooling to 30 °C 
indicating a reversible melting of the side chains. The phenomenon was more 
prominent for the crude SeC22(77%) and SC22(70%) nanoparticles due to 
presence of excess ligand (SI). It is also to be noted that the aliphatic chains on 
the SeC22 show higher crystallinity as compared to the SeC16 which maybe 
attributed to the higher order packing of the alkyl chains on the nanoparticles. 
a b 
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The result is in agreement with previous studies on thiolate SAMs where it has 
been reported that increasing the alkyl chain length leads to higher packing and 
crystallinity on the Au surfaces.76 
The alkanethiolate (SC22, SC16), except for SC22(52%), show very broad 
reflections indicative of amorphous nature of the side chains with sharp gold 
core signals and no change in the XRD pattern was observed upon heating and 
cooling to room temperature. Variable temperature XRD also confirms the 
reversible melting of the side chains. In the case selenolate  protected AuNP the 
side chain crystallinity disappears at higher temperatures due to extensive 
mobility of the side chains which imparts more of a liquid like or amorphous 
behavior; however the side chains assemble again into crystal like domains upon 
cooling to room temperature.  
X-ray photoelectron spectroscopy (XPS) was used to obtain more information 
on the ligand substrate interactions for SeC22 and the results are presented in 
Figure 2.5. The sharp C 1s spectra exhibit a binding energy of 284.84 (FWHM 
1.02) eV typical of C-C and C-H bonds. A sharp doublet with a peak to peak 
distance of around 3.70 eV was observed for Au 4f7/2 with a binding energy of 
83.95 (FWHM 0.79) eV and is comparable to the values reported by different 
groups for Au-Se systems41,49 and is comparable to Au-S systems as well.64,77 
There was no Au(I) species detected which would appear as a shoulder on Au° 
4f7/2 at around 84.9 eV.78 This seems plausible as most of ligand gold interactions 
are assumed to be neutral or charge counterbalanced. The XPS spectra of clean 
Au substrates exhibit two components at ~83.95 and ~ 83.65 eV which can be 
assigned to the gold atoms in bulk and the topmost surface layer, respectively. 
Upon adsorption of ligands the surface component is reported to shift to higher 
BE merging with the bulk component.41,79,80  
The Se 3d spectra exhibit two single Se 3d5/2 and a weak Au 5p emission. The 
binding energy of Se 3d5/2 is at 54.47 (FWHM 1.72) eV and is considerably lower 
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from the bulk Se-Se binding energy (55.3 eV). This suggests that on ligand 
exchange reaction, the covalent Se-Se bonds are cleaved leading to the formation 
of selenolate-gold bonds and further confirms that Se species is bound to the 
gold surface. No unbound or free Se in the form of free ligand is present. 
Another Se 3d5/2 species is observed at 58.56 (FWHM 1.72) eV which maybe 
attributed to the formation of SeO with the passage of time. However, the % 
content (6 %) of this SeO is very low as compared to the bound Se/Au (94 %).  
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Figure 2.5: XPS results of AuNP-SeC22 (a) Se 3d5/2 (b) Au 4f7/2 (c) C 1s. 
2.3.5 Chemical Stability Based on Cyanide Etching 
The ligands ability to “protect” the nanoparticles against etching or chemical 
attack can be investigated by subjecting the nanoparticles solution to NaCN 
digestion. The cyanide must penetrate through the organic ligand shells to etch 
the gold atoms by forming (AuCN) - 2   complexes. The progressive etching of the 
brownish AuNPs solutions into a colorless solution can be monitored by means 
of UV-Vis spectroscopy and related to the protection offered by the ligand which 
in turn can be related to the monolayer packing and density onto the metal 
nanoparticles.81-84 Nanoparticles solutions were subjected to a large excess of 
cyanide solution and the decay in absorbance was monitored at respective 
plasmon bands for all the AuNPs solutions in Quartz cuvettes for at least 3 h. 
NaCN is the most common reagent for the cyanide etching of the gold 
nanoparticles with THF:H2O mixture as solvent. The reagent is soluble only in 
polar solvents whereas the larger alkyl chains have a limited solubility in such a 
solvent system. Different results are expected if an organic source of cyanide is 
used allowing the use of non polar solvents; hence increasing the solubility of 
alkyl chains. To test this hypothesis, tetrabutylammonium cyanide ((t-Bu)4NCN) 
was used as etchant for the two thiolates nanoparticles and the decomposition of 
the nanoparticles was investigated in toluene and THF. The results of the both 
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these approaches are presented in Figure 2.6 and Table 2.4. The decay data were 
fit into a general first order equation  
             kt)aexp(yy 0 −+=                                                       (3.2) 
where y is experimental absorbance and yo is a constant pertaining to the 
residual absorbance due to scattering 
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Figure 2.6:  Normalized absorbance decay for cyanide induced 
decomposition of AuNPs (a) effect of organic content/crystallinity (NaCN) (b) 
effect of solvent (THF) (c) effect of solvent (Toluene). 
 The first order rate constants were determined and presented in Table 2.4 for 
NaCN induced decomposition of NPs. The order of stability for nanoparticles 
upon etching with NaCN is: 
SeC22(77%)>SC22(42%)>SC22(39%)>SC22(38%)>SeC22(38.5%)>SC22(52%)> 
SC22(70%)>SC22(34%). 
Thus, for nanoparticles having the same crystallinity, SC22(70%) decomposed 
approx. 90 times faster than SeC22(77%) and SC22(52%) decomposes approx 1.3 
times faster than the SeC22(38.5%). Overall, SeC22(77%) are the most stable upon 
etching with NaCN while SC22(34%) were the least stable.  
The results obtained when tetrabutylammonium cyanide ((t-Bu)4NCN) was 
used as etchant for the thiolate nanoparticles of different crystallinities and 
organic content are presented in Table 2.4. The order of stability for ((t-Bu)4NCN) 
induced decomposition in THF is as: 
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SC22(34%)>SC22(70%)>SeC22(77%)>SC22(42%)>SeC22(38.5%)≈SC22(39%)>
 SC22(52%)>SC22(38%) 
Thus nanoparticles SC22(34%) are the most stable while SC22(38%) were the 
least stable in this scenario. However, the differences are less pronounced as was 
the case with NaCN induced decomposition. SC22(38%) decomposed 3 times 
faster than SC22(34%). SeC22(38.5%) have almost similar decomposition rates as 
of SC22(39%) and SC22(52%). Nanoparticles SC22(38%) decompose 1.35 times 
faster than SC22(52%) nanoparticles in the THF solution and 1.4 times faster than 
SeC22. In the case of toluene, the trend in stability of nanoparticles is summarized 
as:  
SC22(34%) ≈ SC22(70%)> SeC22(77%)> Se22(38.5) ≈ SC22(42%) ≈ C22(39%) ≈ 
SC22(52%) ≈ C22(38%) 
Nanoparticles having similar crystallinities decomposed almost at the same 
rate with the exception of SC22(34%) and SC22(70%) which had different 
crystallinities. SC22(52%) decomposed 1.1 times faster than their selenolate 
SeC22(38.5%) having comparable organic content. Meanwhile, SeC22(77%) 
decomposed 1.4 times faster than SC22(70%) nanoparticles. Upon comparing the 
decomposition rates in different solvents, the nanoparticles decomposed fastest 
in toluene followed by THF and then THF: H2O mixture. We attempt to explain 
these results based on chain packing, surface coverage and crystallinity of the 
ligand chains onto the NP surfaces in the ensuing discussion.   
The resistance of nanoparticles to the cyanide induced decomposition is 
dependent upon a number of factors including ligand footprint, monolayer 
packing and coverage, and crystallinity of the ligand chains on the nanoparticles. 
The ligand footprint is in turn dependent upon the size of the nanoparticles and 
size of the anchoring group thus influencing the monolayer packing on the 
nanoparticles as well. Another important factor which has been mostly 
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overlooked is the solvent system and the cyanide source used for inducing the 
decomposition of the nanoparticles.  
Table 2.4: Average pseudo first order rate constants for the cyanide induced 
decomposition of gold nanoparticles 
Average rate constant (K1(s-1) 
AuNPs NaCN  
(THF:H2O) 
(t-Bu)4NCN 
(THF) 
(t-Bu)4NCN 
(Toluene) 
Dialkyl diselenide 
SeC22(77%) (1.58 ± 0.05)×10-4 (5.79 ± 0.04)×10-3 (5.46 ± 0.03)×10-3 
SeC22(38.5%) (3.65 ± 0.01)×10-3 (9.35 ± 0.01)×10-3 (9.41 ± 0.02)×10-3 
Alkyl thiols  
SC22(70%) (1.42 ± 0.04)×10-2 (4.8 ± 0.03)×10-3 (3.89 ± 0.03)×10-3 
SC22(38%) (1.74 ± 0.02)×10-3 (1.34 ± 0.03)×10-2 (1.05 ± 0.04)×10-2 
SC22(34%) (2.45 ± 0.05)×10-2 (4.16 ± 0.07)×10-3 (3.88 ± 0.04)×10-3 
Dialkyl disulfides 
SC22(52%) (4.94 ± 0.01)×10-3 (9.88 ± 0.02)×10-3 (1.04 ± 0.01)×10-2 
SC22(42%) (5.97 ± 0.06)×10-4 (7.43 ± 0.05)×10-3 (1.09 ± 0.02)×10-2 
SC22(39%) (8.71 ± 0.05)×10-4 (9.40 ± 0.04)×10-3 (1.06 ± 0.07)×10-2 
 
The lateral volume occupied by the methylene groups depends on the surface 
curvature as well. Thus, smaller nanoparticles have a larger surface curvature 
and provide higher sampling space and less shielding of the surface and vice 
versa.85 At the same time, larger nanoparticles will have larger number of gold 
atoms and would require longer time to be etched away for the same NaCN 
concentration.86 It is also pertinent to mention that nanoparticles surfaces are 
facetted instead of being regular curved surfaces. Thus, monolayer packing 
occurs best on the flat surfaces where the ligand chains can align in parallel 
zigzag conformations. This leads to formation of compact monolayers at the flat 
surfaces leaving spaces at the vertices,83 which may in turn lower the resistance 
towards decomposition despite higher packing of the alkyl chains. We 
investigated the ligands with same alkyl chain lengths so the effect of chain 
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length on the decomposition can be omitted for the present discussion. We try to 
explain these results based on these observations.  
As the cyanide attempt to approach the nanoparticles surfaces, the alkyl 
chains owing to their dynamic nature tend to resist their attack. SC22(77%) 
showed the highest resistance to NaCN decomposition. This is can be attributed 
to almost 100% crystallinity of the aliphatic chains due to presence of free ligands 
and surfactants around the metal core which restricted the access of cyanide. At 
the same time, higher decomposition rate of SC22(70%) remains unexplained 
despite having similar crystallinity and particle size. It may be due to the 
relatively higher solubility of thiolate chains than selenolate but still the 
differences are huge. These nanoparticles were later purified to SC22(34%) which 
also decomposed much faster unexpectedly despite having lower crystallinity of 
aliphatic chains. One important consideration in this regard is the relatively 
larger size of the SC22(34%) nanoparticles due to which larger areas on the 
surface of gold maybe exposed to the cyanide. It is also worth noting that the 
small changes in % organic content and crytallinity translates into relatively large 
differences in decomposition rates, for example, SC22(39%) decomposed 2 times 
slower than SC22(38%). SC22(38%) have lower crystallinity (46%) and a smaller 
footprint as compared to SeC22(38.5%) NPs. However, the surface curvature and 
footprint is similar as of SC22(52%) NPs. The lower crystallinity implies that the 
alkyl chains are loosely packed on the nanoparticle facets and can attempt to the 
bridge the gaps at the vertices with relative ease as compared to more crystalline 
aliphatic chains forming a more effective barrier to the approaching CN anions. 
On the other hand, SC22(52%) and SC22(70%) shows higher decomposition rate 
which may be attributed to the higher crystallinity of aliphatic chains for the 
same ligand footprint and surface curvature. The higher crystallinity, arising 
from the higher interdigitation and packing density of the alkyl chains, leads to 
rigid monolayer formation at the flat surfaces of the nanoparticles. This leads to 
the formation of the deep gaps at the vertices which maybe not be covered by the 
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alkyl chains. Therefore, cyanide can approach and etch away the Au atoms with 
relative ease eventually causing faster decomposition of nanoparticles. The same 
argument is applicable in the case of SeC22(38.5%) which has similar crystallinity 
as of SC22(52%). The only difference is relatively larger size of the SeC22 
nanoparticles implying there are relatively larger numbers of Au atoms to be 
etched for the same NaCN concentration. Thus, relatively slower decomposition 
of NPs is observed as compared to SC22(52%).  
Interestingly, the role of solvent and the CN anion source on the 
decomposition kinetics has not been investigated so far to the best of our 
knowledge. The solvent system mostly used for such studies is THF:H2O mixture 
with NaCN as etchant. However, higher order ligands especially with higher 
number of alkyl chains have limited solubility in such solvent systems. We 
embarked upon on using an organic cyanide source with two different solvent 
systems to investigate the effect of solubility of alkyl chains on decomposition of 
the thiolate nanoparticles with different crystallinities. It is worth mentioning 
that C22 alkyl chains are more soluble in toluene than THF.  
In THF and toluene SC22(34%) nanoparticles were most stable which maybe 
attributed to relatively large number of Au atoms, due larger size of NPs 
required to be etched away. The higher crystallinity and interdigitation of 
aliphatic chains due to presence of free ligands and surfactants can be the reason 
for higher stability of SC22(70%) and SeC22(77%). The surfactant molecules may 
get entangled between the monolayer chains and hinder the access of cyanide. 
For the similar organic content, SeC22(38.5%) decomposed relatively slower (1.0 
to 1.4 times) in THF and toluene than alkanethiolate nanoparticles. This maybe 
attributed to the relatively lower solubility of the alkaneselonolate chains in these 
solvents as compared to alkanethiolates. Overall, nanoparticles in toluene 
exhibited highest and comparable decomposition rates for which can be 
attributed to the loss of interdigitation and crystallinity of the aliphatic chains. 
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The alkyl chains are more soluble in toluene allowing relatively free access to the 
cyanide to attack the nanoparticle surfaces as compared to THF and THF:H2O. 
It can be inferred from these results that although higher crytallinity of the 
aliphatic chains leads to higher thermal stability but it has deleterious effect on 
the chemical stability of the nanoparticles. Moreover, chemical stability of 
nanoparticles is a complex function of many parameters and a complete 
understanding is lacking so far as often conflicting results are reported for the 
same nanoparticles.20,81,87 
2.4 Conclusions  
AuNPs protected with dialkyl selenolates and dialkyl thiolates were 
compared in terms of their sizes, purity, metal to ligand ratios, and chemical and 
thermal stabilities. AuNPs containing identical alkyl chains have similar sizes, 
purity, and metal to ligand ratios but the selenolate protected AuNPs content 
exhibit a higher degree of side-chain crystallinity and self-organization on TEM 
grids than thiolate protected NPs of similar organic content. Interestingly, the 
higher degree of crystallinity of the selenolate AuNPs does not provide greater 
thermal stability. Selenolate protected AuNPs are thermally less stable but are  
chemically more stable towards etching with cyanide in polar solvents 
(THF:H2O) than thiolate protected AuNPs having same degree of crystallinity. 
Similarly, selenolate protected AuNPs are more stable than thiolate protected 
AuNPs towards etching with cyanide in non-polar solvents (e.g., toluene). The 
chemical stability of the nanoparticles is influenced by the ligand footprint, 
particle size and crystallinity of the ligand chains. The results presented establish 
that dialkyl diselenides are potentially alternative ligands for the synthesis of 
highly stable and crystalline gold nanoparticles alongside thiolates.  
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Thermal and Chemical Stability of Gold 
Nanoparticles Protected with Alkyl Thiolates and 
Selenolates 
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Figure S2.1: UV-Vis absorption spectra of Gold nanoparticles (AuNP) with 
different ligands; dodecylamine (NC12), dihexadecyl diselenide (SeC16), 
hexedecanethiol (SC16,) didocosane diselenide (SeC22), docosane-1-thiolate (SC22). 
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1H-NMR Spectra  
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(c) 
Figure S2.2: 1H-NMR spectra of (a) Diselenide ligand (C22Se)2 (b) Impure AuNP-
SeC22  (after 1st ppt.) and (c) purified SeC22(38.5%) 
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TEM Analysis 
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Figure S2.3: Sizes and size distribution of AuNP (a) SC16(25%) (b) SC16(27%)  (c) 
SeC16(31%) (d) SC22(52%) (e) SC22(34%) (f) SC22(38%). Scale bar 20 nm. At least 
200 particles were counted for each sample.  
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TGA Analysis 
50 100 150 200 250 300 350 400 450 500 550
20
30
40
50
60
70
80
90
100
M
as
s 
(%
)
T(οC)
 SeC22(77%)
 SeC22(38.5%)
 SeC16(31%)
 SC22(70%)
 SC22(52%)
 SC22(42%)
 SC22(39%)
 SC22(38%)
 SC22(34%)
 SC16(27%)
 SC16(25%)
 
Figure S2.4: TGA plots of Gold nanoparticles (AuNP) modified with diselenides, 
thiolates and disulfide ligands.   
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DSC Analysis  
Table S2.1: Melting and crystallization transitions of aliphatic chains before and 
after decomposition of the AuNPs as determined by DSC. 
NPs 
Melting/crystallization 
before decomp. 
T/ºC (∆H/Jg-1) 
Decomposition 
T/ºC (∆H/Jg-1) 
Melting/crystallization 
after decomp. 
T/ºC (∆H/Jg-1) 
Dialkyl Diselenides 
SeC22(77%) 
71.51(-160.70) 
61.63 (140.71) 
163.26(4.19) 60.92 (-168.15) 
61.11 (154.95) 
SeC22(38.5%) 
62.03 (-28.25,-118.6) 
61.34 (128.78) 163.32 (3.72) 
62.38 (-27.19, -140.59) 
61.85 (129.04) 
SeC16(31%) 
42.56 (-41.30) 
40.85(45.88) 148.00 (26.00) 
39.58 (-88.64) 
39.73 (84.08) 
Alkyl thiols  
SC22(70%) 
71.69 (-168.16) 
61.73(159.7) 
217.61 (1.85) 69.17 (-179.74) 
61.99 (177.17) 
SC22(38%) 
62.39 (-36.57) 
65.04 (31.23) 217.97 (21.79) 
64.70 (-79.20) 
65.85 (78.39) 
SC22(34%) 
48.05 (-26.07) 
 
209.77(34.52) 42.06 (-59.62) 
61.72 (55.43) 
SC16(27%) 
33.55 (-13.05) 
41.00 (13.45) 214.2 (36.90) 
34.27 (-46.40) 
42.83 (44.72) 
Dialkayl Disulfides 
SC22(52%) 
73.93(-63.00) 
60.88(55.00) 230.40 (13.32 ) 
62.07 (-71.10) 
61.01(78.56) 
SC22(42%) 
72.64(-46.40) 
61.17 (59.81) 229.22 (24.74) 
66.04 (-76.04) 
64.99 (72.60) 
SC22(39%) 
69.56(-31.00) 
67.84 (43.28) 228.79(27.02) 
66.49 (-66.73) 
65.14 (62.45) 
SC16(25%) 
39.27 (-7.45) 
46.55 (12.2) 142.02 (50.47) 
49.15 (-39.55) 
41.81 (38.44) 
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Table S2.2: Melting and crystallization transitions of aliphatic chains of the pure 
ligands as determined by DSC (samples heated form -40 to 90 ºC, hch at 10 
ºC/min). 
 
Ligand 
Melting/Crystallization 
Transitions 
T/ºC (∆H/Jg-1) 
(C22-Se)2 
70.92 (-188.27) 
60.07 (169.33) 
C22-SH 
45.35 (-207.42) 
37.93(48.74), 45.61(128.19) 
(C22-S)2 
73.25 (-196.52) 
62.98 (187.54) 
(C16-Se)2 
48.43 (-163.4) 
40.60 (163.58) 
C16-SH 
19.12(-192.95) 
13.57(184.74) 
(C16-S)2 
48.99 (-180.9) 
44.57 (186.6) 
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Figure S2.5: DSC of pure ligands (a) C22-SH and (C22-Se)2(b)C16-SH and (C16-Se)2 
(c) (SC16)2 and (SC22)2 from -40 to 90 in a hch cycle. °The heating and cooling 
cycles have been shifted for clarity. 
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Figure S2.6:  Melting and crystallization transitions of aliphatic chains before and 
after decomposition of the AuNP as determined by DSC. The heating cycles have 
been shifted for clarity.   
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Figure S2.7: Decomposition of AuNPs films monitored by UV-Vis. (a) SC22(52%), 
(b)SC16(25%) and (c)SeC16(31%)  
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XRD Analysis  
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Figure S2.8: Powder XRD of gold nanoparticles (a) SC22(52%), SC22(38%), 
SC22(34%), SC16(27%), SC16(25%) (b) SC22(70%), SeC22(77%) and (c) Variable 
temperature XRD of SeC16(31%).  
 
 AuNP(DDP, DTP)   
 105
3 Chapter 3 
 
 
 
 
 
Gold Nanoparticles Protected by Dialkyl-
dithiophosphate and Dialkyldithiophosphinic 
acids: Synthesis, Structure, and Stability 
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3.1  Introduction  
Gold nanoparticles (AuNPs) are widely used in nano-science and are 
important building blocks for nano-structured materials.1 Particularly versatile 
are soluble AuNPs protected by self-assembled monolayers of organic ligands 
because their sizes, shapes, and properties can be tailored by changing the 
structure of the protective organic ligand.1-6 Potential applications of monolayer 
protected Au NPs include biosensors,7,8 catalysis,9-11 solar cells,12,13 surface 
enhanced raman scattering (SERS),14 cancer therapy and imaging,15,16 drug 
delivery,17 DNA conjugation,18 self-organizing systems such as liquid crystals19,20 
and self-assembly.21 
The vast majority of reported protective ligands for AuNPs contain thiolate as 
the linking group because of their high affinity toward gold surfaces. There is a 
large body of work established for self-assembled monolayers (SAMs) on 2D 
gold surfaces.22-29 Stability, solubility, reactivity, and other properties of the 
thiolate protected AuNPs have been altered by changing the organic group of the 
ligands and in particular by introducing additional, mostly terminal, functional 
groups such as -OH, -NH2, -SO3H, and -COOH.6 Other surface bonding groups 
have been studied for AuNPs, such as phosphines,30 amines,31,32 carboxylates,33 
isocyanides,34 dithiocarbamates,35 and other chalcogenides.36-38 
All of the aforementioned ligands are monodentate and much less work has 
been reported on bi- and multi-dentate ligands for AuNPs, although such 
ligands have been more widely applied in  SAMs on 2D Au surfaces.39-41 They 
have often been employed to improve the thermal stability of SAMs; a major 
limitation of SAMs for practical applications.42,43 Recently, Weidner et al.44 
demonstrated that thiol based tripodal ligands not only increase thermal 
stability, but also generate SAMs of superior orientational order, better packing 
density, and more uniform binding configuration as compared to their thioether 
analogues. 
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For SAMs on 3D (NP) surfaces, multidentate ligands offer more flexibility in 
terms of ligand design as each ligand may contain more than one and possibly 
different organic groups. NPs with designed molecular roughness and defined 
distributions of functional groups at the surface of the monolayer have been 
prepared with multi-dentate ligands.45-49 
Presented here is the first reported synthesis and investigation of AuNPs 
protected by dialkyl dithiophosphinates (DTPs) and dialkyl dithiophosphates 
(DDPs). Both ligands have been extensively studied for the formation of metal 
complexes, including gold and silver,50-54 are widely used for mineral 
processing,55,56 and as highly selective floatation agents for the recovery of 
coinage metals.57 DDPs in the form of pyridinium di-n-octadecyldithiophosphate 
and Zinc dialkyldithio-phosphate are extensively used as additives in lubricating 
oils because of their excellent anti-wear properties.58  
Despite their commercial applications, few reports have been concerned with 
the self-assembly of DTP acids on 2D gold surfaces and their use as ligands for 
AuNPs has not been reported. DTP may form loosely packed SAMs due to the 
tetrahedral geometry of its P atom and a strong binding of the bidentate −2PS  
headgroup.59 This finding was verified by a recent study that also shows the 
propensity of DTP to bind both mono- and bi-dentate.60 
DDP as pyridinium di(n-octadecyl)dithiophosphate has been used as ligand 
for NPs to improve their solubility in lubricating oils and impart enhanced anti-
wear properties.61 In particular MoS2,62,63 Cu,64 PbO,65 ZnS,66 and Ag67 
nanoparticles have been studied for these purposes. 
3.2 Experimental  
3.2.1 Materials 
Phosphorous containing ligands di-(n-hexadecyl)-dithiophosphate (DDPC16), 
di-(n-decyl)-dithiophosphate (DDPC10), di-oxocol-dithiophosphate (DDPoxocol), 
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di-(n-decyl)-dithiophosphinic acid (DTPAC10), di-phenyl-dithiophosphinic acid 
(DTPAPh) and di-(n-hexadecyl)-dithiophosphinic acid (DTPAC16) were 
synthesized in high purity according to procedures reported for DDP’s68 
(without microwave irradiation) and DTP’s.60 Gold salt (AuCl3) was purchased 
from Strem Chemicals. All other chemicals were purchased from Sigma-Aldrich 
and were used without further purification. All organic solvents were obtained 
from a Grubbs’ type solvent purification system by Innovative Technology using 
anhydrous solvents of at least 99.8% purity having ≤0.001% water from Aldrich. 
3.2.2 Synthesis of Gold Nanoparticles  
A modified single phase approach was used to synthesize precursor AuNPs 
functionalized with dodecylamine (NC12) in high yields.31 A typical procedure 
comprised of preparing a 50 mM of DDAB solution in 100 mL of toluene under 
stirring and later sonication. 10 mL of this solution was taken out to dissolve 
0.333 g of TBAB and set aside. To the DDAB stock solution 100 mg of AuCl3 salt 
was added under stirring and later sonication to obtain an orange color solution. 
0.24 g of DA was added to this solution and sonicated. The solution color 
changes from orange to light yellow. Finally, TBAB solution was added at once 
through syringe under vigorous stirring to generate a dark brown solution 
confirming the formation of Au NPs. The solution was stirred for at least 3 hours. 
 The dark brown reaction solution of AuNP-NC12 was separated into fractions 
and in-situ exchanged with 1.6 eq. (with regard to dodecylamine) of di-(n-
hexadecyl)-dithiophosphate(C32H67O2PS2, DDPC16), di-(n-decyl)-dithiophosphate 
(C20H43O2PS2, DDPC10), di-oxocol-dithiophosphate(C36H75O2PS2), di-(n-
decyl)dithiophosphinic acid(C20H43PS2, DTPAC10), di-phenyl-dithiophosphinic 
acid(C12H11PS2, DTPAPh) and di-(n-hexadecyl)-dithiophosphinic acid (C32H67PS2, 
DTPAC16) and hexadecane thiol(C16H33-SH) to give the corresponding 
nanoparticles AuNP-DDPC16, AuNP-DDPC10, AuNP-DDPoxocol, AuNP-DTPC10, 
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AuNP-DTPPh, AuNP-DTPC16, and AuNP-SC16, respectively, as dark brown 
solutions(Scheme 4.1). All the exchange ligands were dissolved in toluene and 
added into the precursor NC12 solution in toluene except for DTPAC16 which was 
first dissolved in THF and then added due to its lower solubility in toluene. The 
mixtures were stirred for at least 3 hr after the addition of exchange ligand before 
the nanoparticles were precipitated with methanol (twice the volume of the 
reaction solution) and isolated by centrifugation at 2,100 g for 15 min and 
subsequently washed with methanol and re-precipitated and centrifuged once 
more at the same speed. AuNP with DDPC16 and DTPAC16 ligands are easy to 
handle solids and were chosen for a detailed and comparative study of their 
properties. All other AuNPs containing shorter or branched DDP and DTP 
ligands are difficult to handle sticky and waxy solids. AuNP-SC16 was prepared 
as reference material for AuNP-DDPC16 and AuNP-DTPC16. 
The purity was monitored by 1H-NMR and 31P-NMR of solutions in 
deuterated chloroform. Absence of free ligand is indicated by the disappearance 
of the signal of PCH2 at 2.08-2.17 ppm in 1H-NMR spectra of AuNP-DTPC16 
because they only appear for non surface bond molecules under standard 
solution NMR condition. Similarly, for AuNP-DDPC16, the free ligand content 
was monitored by the disappearance of OCH2 signal at 4.28-4.30 ppm and for 
AuNP-SC16 by the disappearance of SCH2 signal at 2.52 ppm. Remaining 
surfactant molecules are recognized by their characteristic NCH2 peaks at 3.4 
ppm. The three nanoparticles systems required 2-4 re-precipitations from toluene 
solution by the addition of methanol until no free ligands and only small 
amounts of surfactant were detectable by 1H-NMR. The absence of free DDP and 
DTP ligands was also confirmed by 31P-NMR because no 31P signal was observed. 
DPTAC16 and DDPAC16 show 31P signals at 70.87 ppm and 84.08 ppm, 
respectively.  
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3.2.3 Characterization  
UV-VIS spectra of solutions in toluene (spectroscopic grade) were recorded 
on a Varian Cary 50. The nanoparticles solutions were prepared by dissolving a 
small amount into toluene and diluting further to appropriate optical density.  
Transmission Electron Microscopy (TEM) was performed on a JEOL 2010F 
FEG TEM/STEM operated at an accelerating voltage of 200 keV.  Thin films of 
dilute solutions of nanoparticles in toluene were drop coated onto a carbon-
coated copper grid (200 mesh, SPI Supplies) and the solvent was allowed to 
evaporate. The nanoparticles were analyzed using DigitalMicrograph™ (DM) 
software by Gatan Inc. The sizes and size distributions reported were obtained 
by measuring at least 200 particles per sample.  
Thermal gravimetric analysis was conducted on a Mettler Toledo TGA SDTA 
851e. Helium (99.99 %) was used to purge the system with a flow rate of 60 
mL/min.  Samples (typically 1.5 - 2 mg) were held at 25 °C or 30 °C for 30 
minutes before they were heated to 1100 °C at a rate of 2 °C/min in alumina 
crucibles.  
Differential Scanning Calorimetry (DSC) was conducted on a Mettler Toledo 
DSC 822e. Nitrogen (99.99 %) was used to purge the system at a flow rate of 80 
mL/min.  Samples (1.5-2 mg) were monitored over the temperature range of -40 
to 250 °C in a heat/cool/heat cycle at 10 °C/min.  
All powder XRDs were run on a Bruker D8 Discover diffractometer with a 
GADDS 2D-detector operating at 40 kV and 40 mA. CuKα1 radiation 
(λ=1.54187Å) with an initial beam of 0.5 mm in diameter was used. All samples 
were sealed in Charles Supper Company 1.0 mm glass capillaries and run for 1 
hour each at 2-theta (2θ) values of 0°, 30°, and 60° 
The samples were analyzed by X-ray photoelectron spectroscopy (XPS) using 
a Kratos Axis Ultra X-ray photoelectron spectrometer.  Survey scan analyses 
 AuNP(DDP, DTP)   
 111
were carried out with an analysis area of 300 × 700 µm and pass energy of 160 eV. 
High resolution analyses were carried out with an analysis area of 300 × 700 µm 
and pass energy of 20 eV.  High resolution spectra are charge corrected to Au 
4f7/2 set to 83.95 eV. 
Chemical stability of the AuNPs was determined by cyanide (NaCN) induced 
etching. 1 mL of a 10 mM NaCN solution in THF:H2O 7/3 was added to 2 mL of 
a solution of AuNPs in THF (0.1 mg/mL). The solutions were briefly agitated to 
ensure proper mixing. Similarly, the nanoparticles (0.1 mg/mL) were dissolved 
in THF and toluene (2 mL each) and were exposed to 1 mL of 10mM solution of 
tetrabutlyammonium cyanide ((t-Bu)4NCN). The decay in absorbance at the 
respective plasmon bands maxima was monitored every 8 seconds for 3 hr. The 
solution turned colorless with residue sitting at the bottom of the cuvettes. Each 
experiment was repeated three times at least. The decomposition rate data were 
fit to a general first-order equation, A = Aoe-kt, where Ao is the absorbance (i.e., 
loss of transmittance) and was assumed to be constant. 
3.3 Results and Discussion  
3.3.1 Synthesis of AuNPs 
Gold nanoparticles (AuNPs) functionalized with dodecylamine (AuNP-NC12) 
were synthesized by a slightly modified single phase approach that is scalable 
and gives high yields as well as relatively narrow size distributions.31 The 
targeted nanoparticles were prepared by subsequent exchange of the alkylamine 
ligands on AuNP-NC12 by stronger binding dialkyl-dithiophosphoric acids 
(DDP’s), dialkyl-dithiophosphinic acid (DTPA’s) and hexadecanethiol (SC16) 
ligands in toluene solution (Scheme 3.1). Addition of methanol to the dark brown 
solutions precipitated the nanoparticles that were isolated by centrifugation. 
Dissolution and precipitation was repeated 2-4 times until no signals of free 
ammonium salts, amine ligand, and excess exchange ligand were detected by 1H-
NMR and 31P-NMR. 
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Scheme 3.1: Synthesis of AuNPs and the Subsequent ligand exchange with 
dithiophosphoric acids (DDP’s), dithiophosphinic acid (DTPA’s) and 
hexadecanethiol (SC16) (not to the scale). 
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All exchanged NPs were generated from the same batch of precursor NPs, 
which is an advantage of the ligand exchange approach for a comparative study. 
It is more feasible to assess the influence of different ligands on properties of NPs 
that have similar sizes and size distributions, structures of the gold core, and 
impurities. Certainly, NPs vary considerably more if prepared in separate 
reactions, even if the methodology is identical. 
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3.3.2 Characterization of AuNPs (by UV-Vis, TEM and TGA) 
All gold nanoparticle samples show the characteristic plasmon absorption at 
500-520 nm in their UV-Vis spectra (Figure 3.1 and SI, Figure S3.1). The AuNP-
NC12 sample exhibited a plasmon band at 510 nm with a very broad peak 
indicative of nanoparticles < 2 nm69,70 whereas the nanoparticles exchanged with 
SC16, DDP and DTPA showed plasmon bands at 510, 508 and 515 nm, 
respectively. These plasmon bands remain unchanged even after 15 months of 
storage of nanoparticles in powder form indicating their higher stability.  
AuNPs with DDPC10, DDPoxocol, DTPAPh, and DTPAC10 ligands form gel-
like materials, which complicated their purification by successive 
dissolution/precipitations. Consequently, data for these NPs were obtained from 
the “as precipitated” NPs without additional purification steps. This is 
significant because both size and gold to organic ratio of the NPs can 
significantly increase during the purification. To avoid any ambiguities arising 
from contamination due to free ligands and surfactants, AuNP-DDPC16, AuNP-
DTPAC16 and AuNP-SC16 were further purified and characterized in detail as 
discussed below.   
TEM analysis revealed a predominantly spherical shape of all NPs and a 
smaller size of the precursor nanoparticles AuNP-NC12 (Figure 3.2 and SI Figure 
S3.2). The average diameter of AuNP-NC12 is 1.7 ± 0.6 nm whereas the sizes of 
the exchanged NPs; AuNP-SC16, AuNP-DDPC16 and AuNP-DTPC16 are 3.2 ± 0.6, 
3.0 ± 0.5, and 3.7 ± 0.5 nm, respectively. Another interesting difference is that 
AuNP-DDPC16 and AuNP-DTPC16 self-assemble into ordered (hexagonal) 
domains on the TEM grids while AuNP-SC16 and AuNP-NC12 do not. 
Spontaneous 2D self-assembly is often associated with narrow size 
distributions71 but here all  NP samples have similarly narrow size distributions. 
It is possible that the higher degree of side-chain crystallinity due to 
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interdigitation of the alkyl chains in AuNP-DDPC16 and AuNP-DTPC16 than 
AuNP-SC16, promotes a better self-assembly.71,72  
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Figure 3.1: UV-Vis absorption spectra of Gold nanoparticles (AuNP) in toluene 
with different ligands; AuNP-NC12, AuNP-SC16, AuNP-DDPC16 and AuNP-
DTPC16. 
It has been reported by Hutchison et al.73,74 that the particles size does not 
change during ligand exchange under mild conditions but, Tsukuda et al.75 
reported an increase in the size of Au nanoparticles upon ligand exchange under 
strongly deoxygenated conditions. Consequently, we determined the size of all 
NP samples by TEM after the exchange but before purification, which confirmed 
that no size increase occurs during the exchange reactions reported here. 
All AuNPs significantly increased in size after the first precipitation and 
continue to grow slowly during re-precipitations except for AuNP-DDPoxocol 
that only increased slightly to 2.0 ± 0.8 nm. This is attributed to the highly 
branched nature of the oxocol ligand which prevents coagulation of the NPs. In 
contrast, AuNP-DDPC10 and AuNP-DTPC10 showed much larger increases in 
size during purification than AuNP-DDPC16 and AuNP-DTPC16. AuNP-DDPC10 
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grew to 5.3 nm and became polydisperse while AuNP-DTPC10 grew to 4.5 nm 
with a bimodal size distribution (SI, Table S4.1 and Figure S4.2 & S4.3).  
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Figure 3.2: TEM images of AuNPs and the corresponding size distribution 
analysis; (a) AuNP-NC12 (scale bar 10 nm), (b) AuNP-SC16, (c) AuNP-DTPC16 and 
(d) AuNP-DDPC16 (scale bars 20 nm) 
Thermal gravimetric analysis (TGA) was performed to determine the ratios of 
organic to gold contents for AuNP-SC16, AuNP-DDPC16, and AuNP-DTPC16 (SI, 
Figure S4.4 and S4.5). All three samples show two step mass loss processes with 
an onset temperature of 180-200 °C for the first step. The onset of the second 
mass loss event is 270-285 °C and a stable mass is obtained between 550 ºC and 
750 ºC. Visual inspection of the remaining material after heating to 1000 ºC 
confirms the presence of shiny gold spheres and it is assumed for the following 
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calculations that the entire weight loss that has occurred resembles the content of 
organic ligands (Table 3.1). AuNP-DTPC16 has a much lower organic content 
(17%) than samples AuNP-DDPC16 and AuNP-SC16 that have similar contents of 
28.8 and 27%, respectively.  
Table 3.1: Onset temperatures and the % organic content of AuNPs determined 
by TGA 
NPs Onset Temperature 
(ºC) 
Organic Content 
(%) 
AuNP-SC16 225.1 27 
AuNP-DDPC16 182.5 28.8 
AuNP-DTPC16 186.5 17 
Similar organic contents are expected for all three AuNPs if they pack equally 
dense and have the same size because the phosphorus ligands have about twice 
the footprint of the thiolate but also about twice the molecular weight. This is 
confirmed for AuNP-SC16 and AuNP-DDPC16 that have virtually identical sizes 
and similar organic contents. AuNP-DTPC16 has about 40% lower organic 
content; this can be partly attributed to their larger size. Estimation based on the 
measured differences in size, a truncated octahedral structure of the gold core, 
and fcc packing of the gold atoms would predict a 45% lower content. The lower 
organic of AuNP-DTPC16 content must be caused by a less dense packing of the 
DTP ligands. This agrees with the observations by DSC and XRD outlined below 
that indicate a less crystalline state of the side-chains of DTP in comparison to 
DDP, and a mixed mono- and bi-dentate binding to the gold surface, while it is 
exclusively bi-dentate for DDP. 
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3.3.3 Reversible Melting of Aliphatic Chains and Thermal 
Decomposition of NPs  
 Differential Scanning Calorimetry (DSC) was used to investigate the 
crystallinity of ligands on the AuNPs and to probe the decomposition 
temperature of nanoparticles. A reversible melting and crystallization is 
observed for all three NPs; AuNP-SC16, AuNP-DDPC16 and AuNP-DTPC16 in the 
temperature range between 20 ºC to 50 ºC (Figure S3.6 and Table 3.2). The degree 
of crystallinity was determined by comparing the enthalpy of the side-chain 
melting in first heating run to the enthalpy of the side-chain melting in the 
heating run after decomposition. The enthalpy of the side-chain melting after the 
decomposition is considered to represent 100% because the majority of the 
ligands will crystallize as bulk material. This assumption is supported by the fact 
that the crystallization and melting transitions of the NP samples after 
decomposition closely resemble the crystallization and melting transitions of the 
ligand molecules. 
Heating NPs to higher temperatures resulted in irreversible exothermic 
transitions at 219 ºC, 142 ºC and 120 ºC for AuNP-SC16, AuNP-DDPC16 and 
AuNP-DTPC16, respectively (Figure 3.3 and Table 3.2). These transitions are 
interpreted as decomposition temperatures of the NPs. Decomposition of NPs 
was further confirmed by variable temperature UV-Vis measurements of thin 
films of nanoparticles on quartz slides that show the disappearance of the 
plasmon bands at the transition temperatures measured by DSC (Fig.S3.7 in SI). 
To the best of our knowledge, these are the first reported decomposition 
temperatures of nanoparticles based on DSC measurements that also provide 
enthalpic values for the decomposition. The highest decomposition temperature 
and highest exothermic enthalpy was observed for AuNP-SC16, followed by 
AuNP-DDPC16 and then AuNP-DTPC16. However, a detailed explanation of the 
observed differences in decomposition temperatures and enthalpies is not 
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possible at this point and requires the investigation of more NPs. The exothermic 
character of all observed thermal decomposition processes suggests that the 
energy released by coagulation of the gold cores is larger than the energy that is 
required for the removal of the ligands. 
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Figure 3.3: DSC of gold nanoparticles (a) AuNP-SC16 (b) AuNP-DDPC16 and (c) 
AuNP-DTPC16. The nanoparticles were subjected to heat treatment 
heat/cool/heat (hch) cycle from -40 to 250 °C. The DSC curves have been 
vertically shifted for clarity.  
It is also worth noting that the crystallinity of the aliphatic chains of all the 
ligands used is lower on the nanoparticle surfaces as compared to the pure 
ligands which may be attributed to the presence of gauche defects at both chain 
ends. The methylene chain conformations are expected to be all trans zigzag but 
the presence of gauche defects may lead to significant disorder in the chains. 
Similarly, defects at the Au/organic interface also contribute towards disorder in 
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the chains. The presence of these gauche defects can be associated with the 
surface roughness and surface curvature of the Au nanoparticles which in turn is 
dependent of the AuNP sizes.6,76-78 
The lower thermal stability of AuNP-DTPC16 in comparison to AuNP-
DDPC16 can be reasoned with the less ordered monolayer of DTP and its mixed 
mono- and bi-dentate binding. Less obvious is why AuNP-SC16 is much more 
thermally stable than AuNP-DDPC16, because DDP is more crystalline than SC16 
and binds exclusively bi-dentate. It is probably the lower thermal stability of the 
DDP ligand itself that limits the stability of AuNP-DDPC16 and this may also be 
true for AuNP-DTPC16. The degree of crystallinity for AuNP-DDPC16 and AuNP-
DTPC16 was determined by heating the NPs to 150 ºC to avoid ambiguities 
arising from decomposition of ligands.  
Table 3.2: Decomposition temperatures and degree of crystallinity of the 
nanoparticles as determined by DSC in hch cycles (-40 to 250 ºC). 
NPs Melting 
Transition 
before 
decomp. 
T/ºC 
(∆H/J g-1) 
Decomp. 
Temp 
T/ºC 
(∆H/ J g-1) 
Crystallization 
Transitions 
after 
decomp. 
T/°C 
(∆H/J g-1) 
Melting 
Transition 
after 
decomp. 
T/ºC 
(∆H/J g-1) 
Estimated 
degree of 
crystallinity 
% 
AuNP-
DDPC
16
 14.07 (-8.8) 142 (25.7) 17 (10.3) 19.25 (-11.8) 74.5 
AuNP-
DTPC
16
 25.35 (-5.5) 120.6 (4.0) 23.6 (19.8) 23.2 (-15.0) 36.7 
AuNP-
SC
16
 37.1 (-8.0) 214.2 (34.5) 43.1(37.58) 45.5 (36.8) 21.7 
Powder XRD of the gold nanoparticles was carried out to probe the 
crystallinity of the aliphatic side-chains, the structure of the gold core, and 
possible 3-dimensional self-organization (Figure 3.4 and SI, Figure S3.8). The 
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XRD patterns of the three types of AuNP consist of intense broad small angle 
reflections around 2θ = 5° and are attributed to the periodic packing of the NPs. 
The broad reflections at 2θ values of 38º and 44º are assigned to (111) and (200) 
reflections of an fcc-like gold core. Sufficiently large domains of crystalline side-
chains cause reflections around 2θ = 20° but are absent in all three diffraction 
patterns. 
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Figure 3.4: Powder XRD of Gold nanoparticles with different ligands; AuNP-SC16, 
AuNP-DDPC16 and AuNP-DTPC16. 
3.3.4 Binding Modes of Ligands onto AuNPs 
X-ray photoelectron spectroscopy (XPS) was employed to study ligand 
substrate interactions (Table 3.3 and Figure 3.5) (more information in the SI, 
Figure S3.8). To evaluate the overall quality of the monolayer coverage on the 
AuNPs, overview spectra were acquired at low photon energies. Besides a sharp 
Au 4f7/2 signal originating from the gold cores, the spectra contained four more 
peaks that can be assigned to the C 1s, O 1s and S 2p and P 2p signals of the 
ligands.   
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Both AuNP-DDPC16 and AuNP-DTPC16 exhibit sharp C 1s signals with 
binding energies 284.93 (FWHM 1.03) eV and 285.5 (FWHM 1.07) eV; typical of 
C-C and C-H bonds respectively. A sharp doublet with a peak to peak distance 
of 3.55 eV was observed for Au 4f7/2 with a binding energy of 83.95 (FWHM 0.81) 
eV for AuNP-DDPC16 whereas AuNP-DTPC16 exhibited a doublet with peak to 
peak distance of 3.51 eV and a binding energy of 84.59 (FWHM 0.84) eV. There 
was no Au(I) species detected which appear as a shoulder on Au° 4f7/2 around 
84.9 eV.79 This seems plausible as most of ligand gold interactions are assumed to 
be neutral or charge counterbalanced. 
Table 3.3: Binding energies of AuNP-DDPC16 and AuNP-DTPC16 
 
AuNP-DDPC16 
B.E.(FWHM) ( eV) 
AuNP-DTPC16 
B.E.(FWHM) (eV) 
Au 4f7/2 83.95 (0.81) 84.59 (0.84) 
C 1s 284.93 (1.03) 285.5 (1.07) 
P 2p3/2 133.2 (2.11) 133.5 (1.44) 
S 2p3/2 162.1 (1.36) 100% 
162.6 (1.06), 65% 
163.9 (1.06), 35% 
The phosphorous peak for AuNPs-DDPC16 consists of a spin-orbit split 
doublet, with the 2p3/2 binding energy at 133.2 (FWHM 2.11) eV. The 
phosphorous peak for AuNP-DTPC16 consists of a spin-orbit split doublet, with 
the 2p3/2 binding energy at 133.5 (FWHM 1.44) eV. A single species of 
phosphorus is observed for both DDP and DTPA protected nanoparticles. 
High resolution XPS further highlights the difference of ligand interactions 
with the Au surfaces. The S 2p spectrum for DDP protected nanoparticles 
consists of a spin-orbit split doublet with S 2p3/2 binding energy 162.1 (FWHM 
1.36). Only one state of S is observed which suggests both S atoms in the DDPC16 
protected nanoparticles have same chemical environment and the S 2p3/2 binding 
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energy may be assigned to chemisorbed S.79-81 On the contrary, for the AuNP-
DTPC16, the S2p spectrum shows two distinct S species. The spectrum is 
composed of two spin-orbit split doublets: one doublet with binding energies at 
2p3/2 162.6 (FWHM 1.06) eV whereas the 2nd doublet having 2p3/2 163.9 (FWHM 
1.06) eV. The intense S 2p3/2 peak at 162.6 eV can be assigned to the chemisorbed 
S species whereas the peak at S 2p3/2 163.9 eV is thought to be indicative of an S 
atom not interacting with the Au surface. The non-interacting S can be in the 
form of a free thiol or a disulfide as previously reported.60,80-82 The difference in 
the binding of the S to the gold nanoparticles surfaces has a profound effect on 
the stability of the nanoparticles. S being the anchoring element will dictate the 
monolayer coverage, density and stability around the metal cores.  
In the case of AuNP-DDPC16, all S atoms exhibit a single chemisorbed state 
(B.E. S 2p 162.1 eV) with a high surface coverage. This implies a bi-dentate 
binding of the S onto the AuNPs. AuNP-DTPC16 exhibit two S species one bound 
(B.E. S2p 162.6 eV) and one unbound (B.E. S2p 163.9 eV). The atomic ratio of 
bound to unbound S suggests a 65% bi-dentate binding and 35% mono-dentate 
binding of DTPAC16 to the Au surface. The monodentate binding (35%) of alkyl 
chains may hinder the adsorption of the incoming DTPA molecules at adjacent 
sites leaving many corner and edge surface sites open. 
This is despite the fact that chelation of S is thermodynamically more favored 
as compared to mono-dentate binding on the AuNPs. The differences in binding 
can be attributed to the structure of the ligand used and the sizes of the 
nanoparticles which in turn will dictate the % of surface atoms available. 
Similarly, the headgroup-Au interactions affect the positional order of the 
monolayers on the AuNPs while the orientational order is dictated by the chain 
interactions.42 These interactions have a profound effect on the monolayer 
coverage and thermal and chemical stabilities of the AuNP cores. 
 AuNP(DDP, DTP)   
 123 
168 166 164 162 160 158
1500
1550
1600
1650
1700
1750
1800
1850
1900  CPS
 S 2p3/2
 S 2p1/2
 Background CPS
 Envelope CPS
In
te
n
si
ty
Binding Energy (ev)
 
(a) 
172 170 168 166 164 162 160
2000
2100
2200
2300
2400
2500
 CPS
 S 2p3/2
 S 2p1/2
 S 2p3/2
 S 2p1/2
 Background CPS
 Envelope CPS
In
te
n
s
ity
Binding Energy (eV)
 
(b) 
Figure 3.5: XPS S2p3/2 spectra of (a) AuNP-DDPC16 (b) AuNP-DTPC16 
For example, it was elucidated by the DSC and TGA studies that AuNPs-
DDPC16 are thermally more stable than AuNP-DTPC16 along with marked 
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differences in the organic contents.  The bi-dentate and mono-dentate binding of 
AuNP-DDPC16 and AuNP-DTPC16 is presented in Figure 3.6.  
 
 
 
 
 
 
 
          (a)                                                                               (b)  
Figure 3.6: Binding of (a) DDPC16 (b) DTPAC16 to AuNP surfaces based upon 
XPS results. 
For bi-dentate binding, the S atoms are adsorbed at two points, thus fixing the 
Au-S-P bonds and imparting a tetrahedral geometry and a more liquid like 
behavior of alkyl chains is expected as reported by Miller at el.60 for the bi-
dentate binding of DTPAC16 molecules on template  stripped (TS) gold surfaces 
In the case of DDPC16, however, the presence of O moiety may promote alkyl 
chain flexibility around P atom, thus allowing interdigitation due to van de 
Waals interactions and leading to higher crytallinity of aliphatic chains as 
compared to AuNP-DTPC16 or AuNP-SC16.  
3.3.5 Chemical Stability of AuNPs.  
The chemical stability of the thiolate cap is a key point for gold nanoparticle 
based devices whose function depends on the structural integrity of the 
individual particles over long time periods. The ligands ability to “protect” the 
nanoparticles against etching or chemical attack can be investigated by subjecting 
Au 
35 % 
Au 
65 % 
 AuNP(DDP, DTP)   
 125
the nanoparticles solution to CN anion digestion. The CN anions must penetrate 
through the organic ligand shells to etch the gold atoms by forming (AuCN)- 2  
complexes. The progressive etching of the brownish AuNP solutions into 
colorless solution can be monitored by means of UV-Vis spectroscopy and 
related to the protection offered by the ligand which in turn can be related to the 
monolayer packing and density on the metal nanoparticles.  
Nanoparticle solutions were subjected to a large excess of cyanide in solution 
and the decay in absorbance was monitored at the respective plasmon bands of 
each of the AuNP solutions in quartz cuvettes for at least 3 hrs. NaCN is the most 
common reagent for the CN etching of AuNPs with mixtures of THF and H2O as 
solvent. The reagent is soluble only in polar solvents whereas the larger alkyl 
chains have a limited solubility in such a solvent system. Different results are 
expected if an organic source of cyanide is used allowing the use of non polar 
solvents; hence increasing the solubility of alkyl chains. To test this hypothesis, 
tetrabutylammonium cyanide was used as etchant and decomposition kinetics 
was investigated in toluene and THF. The results of both these approaches are 
presented in Figure 3.7.  
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Figure 3.7: Normalized absorbance decay for cyanide induced decomposition of 
AuNP (a) NaCN (b) tetrabutylammonium cyanide ((t-Bu)4NCN)). 
The decomposition rate data were fit to a general first-order equation, A = 
Aoe-kt, where Ao is the absorbance (i.e., loss of transmittance) and was assumed to 
be constant. All experiments were performed at least three times for 
reproducibility. The reaction rate data are presented in the Table 3.4.  The order 
of stability is AuNP-DDPC16 > AuNP-SC16 > AuNP-DTPC16. To investigate the 
effect of solvent the NPs were etched with an organic cyanide source in THF and 
toluene. For both solvents, the order of chemical stability is the same as in 
THF/H2O with AuNP-DDPC16 > AuNP-SC16 > AuNP-DTPC16. 
Upon comparing different solvents AuNP-DDPC16 and AuNP-DTPC16 
decomposed the fastest in the THF:H2O mixture with NaCN and they are 
relatively more stable when etched with (t-Bu)4NCN in THF. However, AuNP-
SC16 decomposed the fastest in THF are most stable in THF:H2O mixture. 
AuNP-DDPC16 decompose at a comparable rate in both THF and Toluene, and 
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same is true for AuNP-SC16 while AuNP-DTPC16 decompose 1.25 times faster in 
toluene than THF. 
Table 3.4: Average rate constants for the cyanide induced decomposition of Gold 
nanoparticles (AuNP) 
The resistance of nanoparticles to the cyanide induced decomposition is 
dependent upon a number of factors including ligand footprint, monolayer 
packing and coverage, and crystallinity of the ligand chains on the nanoparticles. 
The ligand footprint is in turn dependent upon the size of the nanoparticles and 
size of the anchoring group thus influencing the monolayer packing on the 
nanoparticles as well.83 The chemical stability of nanoparticles is also strongly 
dependent upon the strength of the binding between the headgroup and the 
surface of the gold.84 It is also pertinent to mention that nanoparticles surfaces 
are facetted instead of being regular curved surfaces. Thus monolayer packing 
occurs best on the flat surfaces where the ligand chains can align in parallel 
zigzag conformations. This leads to formation of compact monolayers at the flat 
surfaces while forming deep channels at the vertices.85 
AuNP-DDPC16 and AuNP-SC16 have similar particle size with similar % 
organic content but different crystallinity of aliphatic chains as determined by 
DSC. The relatively higher interdigitation and flexibility of DDPC16 alkyl chains 
offers highest resistance to the approaching cyanide. Moreover, desorption of bi-
dentate headgroup is entropically unfavored. The desorption of thiolates from 
Pseudo First Order Reaction Rate   k1 (s-1) NPs 
NaCN 
 (THF:H2O) 
(t-Bu)4NCN  
(THF) 
(t-Bu)4NCN  
(Toluene) 
AuNP-
DDPC16 
(1.5 ± 0 .08) × 10-3 (5.19 ± 0 .03) × 10-4 (4.63± 0 .01) × 10-4 
AuNP-
SC16 
(3.73 ± 0 .04) × 10-3 (4.99 ± 0 .06) × 10-3 (4.82 ± 0 .03) × 10-3 
AuNP-
DTPC16 
(5.68 ± 0 .05) × 10-2 (3.02 ± 0 .05) × 10-2 (2.40 ± 0 .07) × 10-2 
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the Au is reported to take place in the form of disulfides, intramolecular 
desorption of bi-dentate headgroup is energetically unlikely and so is the 
intermolecular desorption of algometric disulfides.84,86 For AuNP-SC16, there is 
very less interdigitation of the aliphatic chains due to lower crystallinity of the 
aliphatic chains (vide supra) so the CN anions can approach the surface of the 
AuNPs much easily especially through the vertices. Furthermore, it is 
energetically relatively easy to desorb mono-dentate bound thiolate molecules 
than bi-dentate DDPC16 molecules from the surface of the AuNPs. AuNP-DTPC16 
showed the fastest decomposition rate in all solvents which can be attributed to 
the lower monolayer coverage of AuNPs surface and the mixed mode of binding 
of the S onto the AuNPs. The relatively larger particle size of the AuNPs and 
lower monolayer coverage leaves large areas on the AuNPs exposed to the 
etching by CN anions. Similarly, due to relatively higher crystallinity, DTPAC16 
aliphatic chains combined with limited flexibility due to tetrahedral geometry, 
the cyanide can approach the AuNPs surfaces through vertices. The mode of 
binding further adds to the faster decomposition of the AuNPs. Cyanide can etch 
away the mono-dentate ligands much easily as compared to the bi-dentate S 
atoms. Since mono-dentate binding makes up 35%; CN anions shall be able to 
decompose the AuNPs at a much faster rate as elucidated experimentally. 
Interestingly, we did not find any studies on the effect of solvent and the CN 
source on the decomposition kinetics of gold nanoparticles. The aliphatic chains, 
of AuNP-SC16 for example, are more soluble in the organic solvents than the 
THF:H2O mixture. The loss in interdigitation in THF and toluene may be 
attributed to a higher decomposition rate of AuNP-SC16 along with the above 
mentioned factors. The use of organic solvent and etchant provides a direct 
insight into the strength of headgroup binding to the nanoparticles surface, 
assuming the effect of aliphatic chain is the same and minimal due to higher 
solubility. Bi-dentate binding of DDPC16 imparts highest stability followed by 
mono-dentate binding of SC16 while mixed mode binding offered by DTPAC16 
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molecules is the least stable for AuNPs. Thus, it can inferred that chelation of 
ligands can predominantly enhance the chemical stability combined with better 
aliphatic chain packing onto the nanoparticles as reported earlier as well. 40,84,87 
3.4 Conclusions 
Ligand exchange provides a facile means to synthesize monodisperse AuNPs. 
XPS revealed an all bi-dentate binding for AuNPs-DDPC16 and a mixed mono- 
and bi-dentate binding for AuNP-DTPC16. DSC revealed that the aliphatic chains 
of both ligands are crystalline as compared to thiolate protected AuNPs. AuNP-
DDPC16 are thermally and chemically more stable towards aggregation and 
decomposition as compared to the AuNPs-DTPC16 and AuNPs-SC16, which is 
reasoned with the bi-dentate binding and the higher packing order of DDP. 
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Figure S3.1: UV-Vis spectra of AuNPs synthesized from DDP and DTPA ligands. 
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TEM Analysis  
Table S3.1: Sizes and size distributions as standard deviations of AuNPs as 
prepared and after purification. At least 200 nanoparticles were counted for each 
sample. 
NPs Size (Avg Size ±Std Dev) nm 
 As prepared 
1st 
precipitation 
Purified NPs 
AuNP-NC12 1.7 ±0.6a   
AuNP-SC16   3.2 ±0.6 
AuNP-DDPC16   3.2 ±0.5 
AuNP-DTPC16   3.7 ±0.5 
AuNP-DDPC10  4.6  ±1.1 5.3 ±1.8 
AuNP-DTPC10  2.6 ±0.5 
4.5 ±1.3 (bimodal size 
distrb) 
AuNP-
DDPoxocol 
  2.0 ±0.8 
AuNP-DTPPh   3.0 ±0.5 
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Figure S3.2: Bimodal size distribution after purification and drying of AuNP-
DTPC10. 
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Figure S3.3: TEM images of AuNPs (a)AuNP-DDP-Oxocol (b)AuNP-DTPPh (c) 
AuNP-DDPC10 (1st ppt) (d) AuNP-DDPC10 (Purified) (e) AuNP-DTPC10 (scale 
bar 10 nm for all images). 
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TGA Analysis  
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Figure S3.4: TGA of Gold nanoparticles (AuNPs) with different ligands; AuNP-
SC16, AuNP-DTPC16 and AuNP-DDPC16. Samples were heated to 1100 ºC at 2 
ºC/min under He. 
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Figure S3.5: TGA of Gold nanoparticles (AuNPs) with different ligands; AuNP-
DDPC10, AuNP-DDPoxocol, AuNPDTPC10 and AuNP-DTPA(Ph). Samples were 
heated to 1100 ºC at 2 ºC/min under He. 
 AuNP(DDP, DTP)   
 141 
Table S3.2: Onset temperatures and related % organic content determined by 
TGA 
 
 
NPs Onset Temperature 
(ºC) 
Organic Content 
(%) 
AuNP-DDPC10 138.8 20 
AuNP-DTPC10 189.2 36 
AuNP-DDPoxocol 97.7 18.5 
AuNP-DTPPh 188.5 18.6 
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DSC Analysis  
 
 
10 20 30 40 50 60 70 80
-0.2
0.0
0.2
0.4
-0.2
0.0
0.2
0.4
-0.30
-0.15
0.00
0.15
0.30
2 h
 
T (°C)
1 h
AuNP-SC16
AuNP-DTPC16
 
H
e
a
t F
lo
w
 
(m
W
)
2 h
1 h
AuNP-DDPC16
 
 
2 h
1 h
 
 
Figure S3.6: Reversible melting of AuNP observed by DSC in hch cycles from -40 
to 90 ºC. 
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Table S3.3:   Transition temperatures for ligands used for the synthesis of AuNPs 
measured by DSC (10 ºC/min, hch cycle). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Ligands Melting 
Transition 
T/ºC (∆H/Jg-1) 
Crystallization 
transitions 
T/°C (∆H/Jg-1) 
DDPC
16
  22.9 (-87.7) 22.7(85.0) 
DTPC
16
 39.3(-135.5) 33.8 (108.5) 
HSC
16
  18.8 (-200.5) 15.8 (198.0) 
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Decomposition of AuNP-DDPC16 
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Figure S3.7: Decomposition of AuNP-DDPC16 monitored by UV-vis. 
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(b) AuNPs-DDPC16    
 
 
Figure S3.8: XPS of (a) AuNP- DTPC16 and (b) AuNP-DDPC16. 
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XRD Analysis   
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Figure S3.9:  XRD of Gold nanoparticles (AuNP) with different ligands (a); 
AuNP-DDPC10, AuNP-DDPoxocol, AuNPDTPC10 and AuNP-DTPPh (b) 
expanded portion of (a) to highlight Gold core region. 
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4 Chapter 4 
 
 
 
 
Anisotropic Conductive Polyurethane-Gold 
Composite Adhesives and Films Derived From 
Spatially Confined Coagulation of Gold 
Nanoparticles 
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4.1 Introduction  
The design, synthesis, and controlled self-assembly of inorganic nanoparticles 
in polymeric nanostructures is an area of increasing interest within the materials 
research community.1-10 Such composite systems not only combine the unique 
characteristics of the individual components, but may also generate new 
properties not found in any of the individual components. Enhancement of the 
electrical conductivity of usually insulating polymeric matrices by forming 
mixtures with electrically conductive filler materials is one of the common areas 
of applications for polymer composite materials. Carbon black, carbon nanotubes, 
metal nano-or micro-particles, metal-coated inorganic or organic particles are 
typical conductive filler materials11 and utilized polymer matrices range from 
thermoplastics and elastomers to conjugated conductive polymers.12-14  
One of the most important challenges in the development of electrically 
conductive polymers is to achieve good conductivity with a low content of 
conductive filler particles. Typically, the volume fraction of the filler varies from 
25-30% for achieving isotropic conductivity whereas volume fractions of filler 
ranging from 5-20% are sufficient for anisotropic conductive polymer films and 
adhesives.15 Reducing the amount of conductive filler material often improves 
the mechanical properties of the material and may also lower the cost of the 
composite. For instance, properties such as impact strength and elongation at 
fracture decrease with increasing content of filler or phase separation may occur 
during service conditions.11 
Reported here is the preparation of novel polyurethane based 
nanocomposites embedded with chemically cross-linked gold nanoparticles 
(AuNPs). Curing of the composite at 200 ºC generates spatially controlled 
coagulation of AuNPs and the formation of anisotropic conductive pathways 
across thin films of the composite.  
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4.2 Experimental  
4.2.1 Materials 
Didodecyldimethylammonium bromide (DDAB, 359025), tetrabutyl 
ammonium borohydride (TBAB, 230170), dodecylamine (DA, D222208), 11-
mercapto-1-undecanol (HS(CH2)11OH, 447528), Ethylene glycol (EG, 324558), and 
Tetraethylene glycol (TEG, 110175) were pure purchased from Sigma-Aldrich 
while Au salt (AuCl3, 93-7907) was procured from Strem Chemicals Inc. and used 
as such. A mixture of aliphatic and aromatic diisocyanates, Desmodur HLBA®, 
was generously donated by Bayer Materials Science Canada. All organic solvents 
were obtained from a solvent purification system (Innovative Technology®, 
using anhydrous solvents of at least 99.8% purity having ≤0.001% water from 
Aldrich).  
4.2.2 Synthesis of Gold Nanoparticles (AuNPs) and PU Composites 
A modified single phase approach was used to synthesize AuNP 
functionalized with dodecylamine (NC12) in high yields with the difference that a 
lower concentration of  the surfactant DDAB (60 mM) was used instead of the 
reported 100 mM while THF was used as a solvent instead of toluene.16 A typical 
procedure comprised of preparing a 50 mM of DDAB solution in 100 mL of THF 
under stirring and later sonication. 10 mL of this solution was taken out to 
dissolve 0.333 g of TBAB and set aside. To the DDAB stock solution 100 mg of 
AuCl3 salt was added under stirring and later sonicated to obtain an orange color 
solution. 0.24 g of DA was added to this solution and sonicated. The solution 
color changes from orange to light yellow. Finally, TBAB solution was added at 
once through syringe under vigorous stirring to generate a dark brown solution 
confirming the formation of Au NPs. The solution was stirred for at least 3 hours. 
The AuNP-NC12 solution was in-situ ligand exchanged with 1.5 equivalents of 
11-mercapto-1-undecanol with respect to the amine ligand as shown in Scheme 
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5.1. The nanoparticles were precipitated with toluene and isolated by 
centrifugation at 6000 rpm (2135 g) for 15 min and subsequently washed with 
toluene and centrifuged twice at the same speed. The NPs were obtained as 
sticky solids.  
The applied preparation procedure for polyurethane AuNP composites 
involves mixing of Desomodur HLBA® (NCO content = 10.5 ± 0.5 %, determined 
by DIN EN ISO 11 909), a mixture of aliphatic and aromatic diisocyanates, with 
ethylene or tetraethylene glycol in a 1:1 molar ratio of NCO:OH. A stock solution 
of AuNPs in DMF (2.5 wt.%) was prepared along with stock solutions of 
diisocyanate in ethyl acetate (5 wt.%) and ethylene glycol (EG) in DMF (10 wt.%). 
Films were prepared by mixing the nanoparticles, ethylene glycol and 
diisocyanates in varying amounts. For example, 50 µL of AuNP solution was first 
mixed with 10 µL of ethylene glycol solution and the combined mixture was then 
added into 100 µL of HLBA® solution. The mixture was further sonicated and 
stirred for proper dispersion of Au nanoparticles till the solution becomes 
viscous. The viscous mixture was then cast into Teflon molds and allowed to set. 
The samples were first cured at 60 ºC under N2 for 1 hr, then at 125-200 ºC under 
N2 for 2 hrs, and finally dried under high vacuum for 2-3 hrs to obtain the final 
composite  films. To test the adhesive properties of the films, tetraethylene glycol 
(TEG) was used instead of ethylene glycol because the ethylene glycol based 
films have insufficient strength and are too soft. A stock solution of 2.5 wt% 
AuNPs in tetraethylene glycol was prepared and mixed with a solution of 20 
wt% Desomodur HLBA in ethyl acetate. The molar ratio of NCO: OH was kept at 
1:1. In a typical experiment, 25 µL of pure tetraethylene glycol solution was 
applied onto two steel substrates (mild steel AISI 1080) and mixed with 200 µL of 
Desomodur HLBA to prepare PU reference sample. The solutions were mixed 
with a glass rod till viscous and then the plates were clamped together and cured 
at 150 ºC. 
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4.3 Characterization 
UV-VIS spectra of solutions in methanol (spectroscopic grade) were recorded 
on a Varian Cary 50. The nanoparticles solutions were prepared by dissolving a 
small amount into methanol and diluting further to appropriate optical density. 
Transmission Electron Microscopy (TEM) was performed on a JEOL 2010F 
FEG TEM/STEM operated at an accelerating voltage of 200 keV. Thin films of 
dilute solutions of NPs in methanol were drop coated onto a carbon-coated 
copper grid (200 mesh, SPI Supplies) and the solvent was allowed to evaporate. 
The nanoparticles were analyzed using DigitalMicrograph™ (DM) software by 
Gatan Inc. The sizes and size distributions reported were obtained by measuring 
at least 200 particles per sample.  
Thermal gravimetric analysis was conducted on a Mettler Toledo TGA SDTA 
851e. Helium (99.99 %) was used to purge the system with a flow rate of 60 
mL/min.  Samples (typically 1.5 - 2 mg) were held at 25 °C or 30 °C for 30 
minutes before they were heated to 1100 °C at a rate of 2 °C/min in alumina 
crucibles.  
Structural and morphological analysis of the films and the fillers was carried 
out on FEI Quanta 200 FEG-ESEM coupled with EDAX Energy Dispersive 
Spectroscopy (EDS) X-Ray Detector, operating in low vacuum mode at 8-10 kV 
and a working distance of 10 mm. To ascertain the Au content in the final 
composite films, detailed EDX studies were carried out on different film samples. 
On each sample, at least 5 different locations were test for different Au contents.  
The lap shear or tensile shear strength of the adhesive films was measured by 
following the procedure described in ASTM D 1002. Steel sheets of thickness 1.62 
± 0.125 mm were used and overlapped by 12.7 ±0.25 mm while the thickness of 
the adhesive layer was 1.62 mm as per specifications of the standard. The tests 
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were carried out on a Zwick Z150 tensile tester provided with self aligning grips. 
The samples were pulled at constant cross-head speed of 1.5 mm/min.  
4.4 Results and Discussion  
The filler gold nanoparticles (AuNPs) were prepared in high yields following 
the general method of Jana et al.16 Portions of the obtained dodecylamine 
protected AuNPs in THF solution were in situ ligand exchanged with of 11-
mercapto-1-undecanol to give the respective AuNPs (Scheme 4.1).   
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Scheme 4.1. Synthesis 11-mercapto-1-undecanol protected AuNPs (not to the 
scale). 
The ligand exchanged AuNPs were characterized by UV-Vis spectroscopy 
and the plasmon band shifts from 510 nm, for precursor AuNP, to about 515 nm 
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due to change in the particle size and the local environment of the 
nanoparticles.17 This was further verified by TEM analysis of as prepared NC12 
and ligand exchanged nanoparticles as shown in Figure 4.1. TEM analysis 
revealed a size of 1.6 nm for the dodecylamine protected precursor AuNPs that 
grew to 3.2 nm for the purified 11-mercapto-1-undecanol AuNPs (Fig. 5.1). We 
have recently demonstrated that the increase in particle size does not occur 
during or after the exchange but during precipitation and purification (from the 
TEM results of AuNP in Ch 2 and Ch 3) 
10 nm
                
10 nm
 
(a)         (b) 
Figure 4.1: TEM images of nanoparticles with respective size distributions (a) 
AuNP-NC12 (b) AuNP-SC11OH (1.5 eq.) At least 200 particles were measured for 
each sample. 
Thermal stability and organic content of the AuNPs was determined by 
thermal gravimetric analysis (Figure S4.1 in SI). The on-set of weight loss is at 150 
ºC for both AuNPs but AuNP-SC11OH displays a second weight loss of organic 
ligands at higher temperature of 250-300 ºC. The second weight loss event is 
attributed to domains of 11-mercapto-1-undecanol that are stabilized by H-
bonding between the hydroxyl end groups. The organic content is about 30% for 
AuNP-NC12 and 25% for AuNP-SC11OH but the value for the precursor AuNPs 
is not very accurate because they cannot be purified easily and contain larger 
amounts of surfactant molecules among other impurities. 
1.6 ± 0.4 nm  3.2 ± 0.5 nm 
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4.4.1 Nanocomposite Synthesis 
The polyurethane nanocomposites were prepared by polymerization of 
commercially available Desmodur HLBA® (mixture of aliphatic and aromatic 
polyisocyanates) with AuNP-SC11OH in the presence of ethylene glycol or 
tetraethylene glycol (Scheme 4.2). The reaction to polyurethane generates a solid 
material within a few minutes and free standing films of 75-100 µm thickness 
were obtained by casting reaction mixtures onto PTFE substrates. 
Scheme 4.2: Synthesis of polyurethane nanocomposite films 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The nanocomposite films were cured at different temperatures and finally 
dried under high vacuum to remove residual solvents. Polymerization and 
curing of films was followed by UV-Vis spectroscopy to monitor changes to the 
AuNPs. Polymerization resulted in a red shift of the plasmon band of the AuNPs 
from initially 510 nm to about 550 nm and decrease in scattering (Figure 4.2). 
Desmodur HLBA is a mixture of aliphatic and 
aromatic diisocyanates. Its main components are R = 
tetraethylene glycol
HO
O
O
O
OH
or  
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This change indicates coagulation to significantly larger NPs and aggregation of 
AuNPs. Curing of the films at 150 ºC led to a further shift in the plasmon band to 
about 570 nm, a decrease in intensity, and a complete loss of scattering (flat 
baseline). Finally, the Plasmon band fully disappears after curing the films at 200 
ºC, which indicates a complete coagulation to gold structures of dimensions 
beyond 100 nm.  
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Figure 4.2: UV-Vis spectra of AuNP and composite films uncured and cured.   
The conductivity of the films was determined by a two-point probe consisting 
of copper discs of 1 mm2 attached to a multimeter (A schematic of the set up is 
provided in the SI, Figure S4.2). The multimeter provided resistance values 
which were then converted to resistivity and corresponding conductivity by 
using the relationship:  
l
RA
=ρ and   
σ
ρ 1= .                                    (4.1) 
Where ρ is resistivity (Ohm-m, Ω-m), R is resistance Ohm (Ω), A is the area of 
electrodes in m2, l is the thickness of the film, in m, and σ is conductivity which is 
the inverse of resistivity in (Ohm-m)-1.  
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The electrical resistivity through the films was measured after curing the 
films at several temperatures and expectedly the films showed high resistivities 
(>106 Ohm-m (Ω-m)) at temperatures of 150 ºC and below. After curing the films 
to 200 oC, their resistivity changed by eleven orders of magnitude to 10-6 Ohm-m 
(Ω-m).  This unexpected result is reasoned with the formation of gold networks 
as conductive pathways that bridge both surfaces of the films. The observed 
resistivity is expectedly higher than that of the pure metals (resistivities of bulk 
gold, silver, copper are 2.44×10−8, 1.59×10−8, 1.72×10−8 Ω-m, respectively) but 
similar to pure carbon (3.5×10−5 Ω-m) and significantly higher than values 
obtained for semiconductors such as silicon (6.40×10-2 Ω-m) as well as many 
commercially available conductive adhesives such as DOW CORNING® DA 6524 
(3.0×10-2 Ω-m) and silver paints (about 3×10-3 Ω-m).  
Conductive composites containing nano-sized particles and fibers also reach 
values around 10-3 Ω-m but for much higher filler contents than the 3.5 wt% of 
gold in the films presented here. Pastes containing up to 40 wt% Ag 
nanoparticles reach resistivity values of the order of 1.18×10-3 Ω–m upon 
sintering to 220 ºC.18  Hybrid fillers have also been reported, such as mixtures of 
Ag flakes (5-24 vol. %) and carbon nanotubes (0.4-1 vol%) with resistivity around 
10-3 Ω–m19 and buckypaper-gold nanocomposites20 that reach a resistivity of 
1.1×10-4 Ω–m. 
SEM studies were carried out to obtain a better understanding of the 
structural changes that occur in the polyurethane composite films upon 
annealing from room temperature to 200 ºC. Figure 4.3a shows an SEM image of 
the composite film after polymerization but before curing. It is obvious that the 
AuNPs grow in size and aggregate into domains during the polymerization 
process but the aggregates are not sufficiently interconnected to cause any 
change in resistivity. The microstructure of the film completely changes after it 
was heated to 200 ºC as can be seen from SEM images b and c in Figure 4.3. 
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Clearly, no nano- or micro-sized gold particles can be seen but the gold is 
embedded in the polymer matrix as gold rich and gold deficient domains based 
on EDX analysis. The local Au content varied from areas of higher concentration 
(10 wt%) to areas of lower concentration (2.5 wt%) and the average Au content 
based on EDX analysis was 3.5 wt% Au. The areas of higher concentration of Au 
must be interconnected and form gold networks across the film which lead to the 
observed decrease in resistivity. The in-plane resistivity of the composite films 
remains very high because the gold networks are not connected laterally, which 
is why these films are termed anisotropic conductors. 
        
                (a)                                     (b)                                          (c) 
Figure 4.3: Scanning electron microscopy images of a composite film (a) after 
polymerization but before curing (nanoparticle rich area), (b) after curing to 200 
ºC(inset is an expanded area of the film, and (c) domains of high and low Au 
content after curing to 200 ºC that were also analyzed by EDX. 
More detailed SEM and TEM studies are required to verify the formation of 
continuous gold networks as illustrated in Figure 4.4. However, our 
interpretation is in line with results that have been reported by other groups. 
Coutts et al.21 reported a decrease in resistance from 10-12 MΩ to 2-5 Ω when 
gold nanoparticle films were heated to 150 ºC and partial aggregation occurred. 
Similarly, Volkman et al.22 reported conductivity enhancement due to 
coagulation of Ag nanoparticles and claimed that only partial removal of the 
protective layer (here surfactant) is required. 
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Figure 4.4: Proposed structure of conductive polyurethane films after curing at 
200 ºC  
Our hypothesis is that the formation of the gold networks depends on the 
domain formation and aggregation of the AuNPs in the polymer mixture during 
polymerization. We also believe that the functionalization of the AuNPs with 
terminal hydroxyl groups is essential because it dictates domain formation and 
aggregation and it chemically integrates the NPs and their aggregates into the 
polymer network.  
One interesting application of the synthesized composites is as conductive 
adhesive that could replace tin/lead solders and overcome environmental and 
engineering limitations associated with the use of solders for microelectronics 
packaging.15 Polyurethane based adhesives are an excellent choice for such 
applications owing to their high strengths, fast reaction and curing times, and 
ability to bond to numerous substrates.23 
Ethyelene glycol based composites were very soft and showed lower 
mechanical strength than required for adhesives. Thus, for their testing as 
anisotropic conductive adhesives the composition of our polyurethane 
composites was slightly altered by adding tetraethylene glycol (TEG) instead of 
ethylene glycol as described below. Polyurethanes with and without AuNPs 
were tested as adhesives by the lap shear strength of the composite system by 
Aggregated individual gold 
 Nanoparticles (3 nm) Gold nanoparticles coagulated  
to gold wires (0.1-1 mm in diameter) 
75-100 µm 
 
 
Insulator 
Conductor 
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following the ASTM D1002 standard (Table 4.1). The tests were carried out on 
machined steel plates and adhesive layer was applied according to the 
requirements of ASTM D1002 standard. This is the most commonly used shear 
test for structural adhesives on metal substrates. Testing is carried out by pulling 
the two ends of the overlap in tension, causing the adhesive to be stressed in 
shear. 
 A stock solution of 20% HLBA was mixed with a solution of tetraethylene 
glycol, DMF, and 2.5 wt% AuNP-SC11-OH. DMF was added to improve 
solubility of the NPs and the fluidity of the mixture for a better mixing process. 
Three different samples were prepared for comparison: Sample 1 was pure 
polyurethane without any nanoparticles and used as reference. Sample 2 and 3 
were prepared from TEG stock solution containing nanoparticles. The AuNP and 
DMF content in sample 3 was twice as of sample 2. The adhesive mixtures were 
sandwiched between steel plates and cured at 150 ºC for 1 hr and then vacuum 
dried. Reference films were prepared by casting some of the adhesive mixtures 
into Teflon molds and their electrical resistivity also reached values of 10-6 Ω-m 
after curing at 150 ºC. 
Pure polyurethane (sample 1) showed the highest shear strength of around 19 
MPa followed by Sample 2 which contained AuNPs. However, increase of the 
DMF content lowered the shear strength below 5 MPa which may be attributed 
to the presence of residual TEG or DMF. The values obtained are in accord with 
reported values of conducting polyurethane adhesives24 and much lower values 
of about 4.5 MPa have been reported for some nanographite/polyurethane 
adhesives.25 
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Table 4.1: Shear strength of PU-AuNPs composites using different formulations. 
The test conditions are consistent with ASTM D1002 standard. 
Sample HLBA 
(µL) 
TEG 
(2.5 wt % AuNP) 
(µL) 
DMF 
(µL) 
Shear Strength 
(MPa) 
1 200 25 (no NP)* 2.5 19.55 
2 200 25 2.5 13.1 
3 200 50 5 3.17 
4.5 Conclusions  
AuNPs protected by 11-mercapto-1-undecanol were incorporated into 
polyurethane networks by reacting them with commercial polyisocyanates. 
Anisotropic conductive thin films of resistivity as low as 10-6 Ohm-m (Ω-m) at a 
gold content of 3.5 wt% were obtained after heat treatment due to spatially 
confined coagulation of the NPs that is proposed to generate gold networks as 
conductive pathways through the film. This resistivity is lower than for any 
commercially available polymer composite that contains a similarly low amount 
of filler.25-31 The chemical embedding of AuNPs and their derived gold networks 
into the polyurethane matrices also provides high strength composites that reach 
a shear strength of 13.1 MPa as adhesives between steel plates. 
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 TGA Analysis  
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Figure S4.1: TGA of the AuNPs run at 2ºC/min under He 
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Electrical Conductivity Measurement Set-up 
 
 
 
 
 
 
 
 
 
 
 
 
 
Schematic S4.2:  Setup for measuring resistivity of the polyurethane composite 
films. 
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5 Chapter 5 
 
 
 
 
 
 
 
 
 
 
 
Thermal Conductivity of Polyurethane Composites 
Containing Nanometer and Micrometer Sized Silver 
Particles 
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 Introduction 
Thermal conductivity of plastics is an important design parameter for 
applications that require the dissipation of heat generated by components such 
as microprocessors, power semiconductors, high power RF devices, laser diodes, 
LEDs, and MEMS.1 Intense research efforts over the past decade have led to the 
development of a range of high performance thermal materials. These materials 
can be categorized into monolithic materials, carbonaceous materials, metal 
matrix composites, ceramic matrix composites, carbon/carbon composites, and 
polymer matrix composites (PMCs). The main advantages of PMCs are their 
relatively low density and established processing methods. PMCs containing 
metal or ceramic particles, for example, are widely used in the electronics 
industry as underfills, encapsulants, thermal interface materials, and conducting 
adhesives.2-8 
In contrast to their electrical conductivity, thermal conductivity of PMCs 
containing metal/metal oxide particles as conductive filler has not been widely 
studied but the reported investigations suggest that the thermal conductivity of 
these PMCs predominantly depends on the size, the morphology (e.g., spheres, 
flakes, short fibers, rods, and tubes) and the distribution of the filler material as 
long as the contribution of the polymer matrix can be neglected.1,5,9 These 
observations may be reasoned with recent theoretical studies that predict 
exponential increases in thermal conductivity with increasing filler concentration 
if the filler particles aggregate in chains rather than clusters because continuous 
conductive pathways are created more efficiently and at lower concentrations.10 
Clearly, the types of aggregates formed by the filler material will depend on both 
size and shape of the filler but only few such studies have been reported.11-15   
Typical sizes of industrially applied metal fillers are between 1-10 
micrometers (µm) while properties of PMCs containing nanometer sized metal 
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fillers are presently studied. Nanometer sized metal fillers are commercially 
available and some of their PMCs have shown unusually high dielectric 
constants and thermal conductivity.16 However, high values of thermal 
conductivity have not been realized because metal nano fillers are easily oxidized 
in air, which can causes higher thermal interfacial resistance.  
Of the many polymer matrices, Polyurethanes (PUs) have received much 
attention owing to their excellent mechanical properties. However, PUs are 
mainly insulators and possess poor thermal and electrical conductivities. The 
properties of the PUs can be further modified by using inorganic fillers mostly 
clays or metal or oxide particles or nanoparticles.17-19  
Presented here is a comparative study of polyurethane composites having 
silver micro or nanoparticles as fillers for improving the thermal conductivity of 
PUs. Furthermore, the nanoparticles of different sizes were used while the filler 
morphology was also varied form spherical powders to flakes to quantify the 
effect of particle size and morphology on the thermal conductivity.  The 
composites were investigated by SEM for microstructural analysis while the 
thermal stability was probed by TGA analysis.  
5.1 Experimental 
5.1.1 Materials and Methods  
Ag microparticles as spherical powders (0.5- 1 µm) and as flakes (1-3 µm) 
were purchased from Strem Chemicals while Ag nanoparticles of three different 
sizes (20-30 nm,  50-60 nm, and 90-100 nm) were purchased from SkySpring 
Nanomaterials. All Ag fillers were used as received. Desmodur HLBA® was 
provided by Bayer Materials Science Canada and consists of a mixture of 
aliphatic and aromatic diisocyanates in butyl acetate (60 wt% non-volatile 
content), which were reacted with tetraethylene glycol (Sigma-Aldrich). All 
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solvents were either HPLC grade or obtained from a Grubbs’ type solvent 
purification system by Innovative Technology®. 
Polyurethane silver (PU-Ag) composites were prepared by mixing Desmodur 
HLBA® (NCO content = 10.5 ±0.5 wt%) with tetraethylene glycol (TEG) in a 1:1 
molar ratio of NCO to OH content. The as-received solution of Desmodur 
HLBA® was diluted by mixing it with ethyl acetate in a 3:7 ratio by weight before 
it was combined with TEG and filler. All amounts of Ag fillers were calculated to 
provide an Ag content of 15 wt% with respect to the combined amounts of 
Desmodur (non-volatile content) and tetraethylene glycol. Ag particles and 
flakes were mixed with the required amount of TEG and sonicated before mixed 
with the diluted solution of Desmodur.  
After combining all components the mixtures were sonicated for another 2-3 
minutes and then stirred to maintain a good dispersion of the Ag particles. When 
the mixtures became too viscous for stirring with a magnetic stir bar (5-7 minutes 
after mixing) they were cast into PTFE molds and allowed to set. The samples 
were first cured at 60 ºC for 1 hr, then at 125 ºC for 2 hrs, and finally dried under 
high vacuum (30 millitorr) for 3 hrs to ensure proper setting and complete 
removal of solvents. Removal of the polymer composites from the PTFE molds 
gave discs of 18-20 mm diameter and 3-5 mm width (Scheme 1). The samples are 
designated based on the type of polymer-filler. Addition of Ag flakes or powders 
with diameters of 0.5-1 µm, 90-100 nm, 50-60 nm, and 20-30 nm give samples PU-
Ag(flakes), PU-Ag(0.8 µm), PU-Ag(95 nm), PU-Ag(55 nm), and PU-Ag(25 nm), 
respectively. Reference polyurethane sample PU(ref) was prepared by the same 
procedure but no Ag filler was added. 
5.1.2 Characterization 
Thermal gravimetric analysis (TGA) was conducted on a Mettler Toledo TG 
SDTA 851e. Helium (99.99%) was used to purge the system with a flow rate of 60 
mL min–1. Samples were held at 25 or 30°C for 30 min before they were heated to 
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550°C at a rate of 2°C min–1. Differential Scanning Calorimetry was performed 
with a Mettler DSC 822e cooled by an immersion cooler under N2. Structural and 
morphological analysis of the composites and the fillers was carried out By 
Electron Scanning Microscopy on a FEI Quanta 200 FEG-ESEM at 8-10 kV (low 
vacuum mode) and a working distance of 10 mm. Values for the average lengths 
(longest dimension) of the clusters in each sample are based on the 
measurements of at least 200 clusters.  
Thermal conductivity of the composites was measured with a C-Therm TCi™ 
thermal conductivity analyzer by C-Therm. The TCi™ is based on a modified 
transient plane source technique and uses a one-sided, interfacial, heat 
reflectance sensor that applies a constant heat source to the sample for short 
periods of time. Five measurements were carried out on each sample and 
average values are reported.  
5.2 Results and Discussions 
Polyurethanes are synthesized with isocyanates as the building blocks. The 
NCO group in the isocyanate resin reacts rapidly with any organic compound 
containing abstractable hydrogen. These compounds could be alcohol, amines, 
water and polyols.20-26 A typical reaction between a polyol (TEG) and a 
diisocyanate (Desmodur HLBA) is presented in Scheme 5.1 where a mixture of 
iscoyante reacts with polyols to form urea linkages. In conventional PU synthesis 
either aromatic or aliphatic isocyanates are used depending upon the 
applications. PUs containing aliphatic isocyanates often suffer from lower 
thermal stabilities while aromatic ones have somewhat lower stability towards 
light.26 A mixture of aliphatic and aromatic isocyanates used here compensates 
for the limitations of each other. Moreover, aromatic isocyanates are more 
reactive than the aliphatic ones which helped faster processing of the composite 
films (with in few minutes).  
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Scheme 5.1: Synthesis of PU-Ag composites. 
 
5.2.1 Thermal Analysis  
Thermal stability of the polymer composites was determined by thermal 
gravimetric (TG) analysis at a heating rate of 2 ºC min-1 under He and 
representative TG curves are presented in Figure 5.1. All samples show a mass 
loss of 0.5-2.5% between 50 and 100 ºC that is attributed to remaining solvent. 
Interestingly, the largest loss of 2.5% is observed for the sample without Ag 
particles while all composite mixtures only lose 0.5 to 1%. This may be reasoned 
with a lower affinity of ethyl acetate for Ag particles (no H-bonding unless 
mediated by moisture) than for polyurethane and fewer available interaction 
sites because polyurethane also interacts with Ag particles. 
The onset of the next weight loss event varies between 125 ºC (composite with 
Ag NPs) and 165 ºC (composite with Ag flakes) and initiates a set of at least 3 
distinct weight loss events. Degradation of polyurethane is known to take place 
in multiple steps and usually starts with the dissociation of urethane groups to 
the polyol and isocyanate precursors. Depolycondensation is followed by 
decomposition of isocyanates and polyalcohols.20,27 
The temperature at which 50% mass loss has occurred is often provided for 
the comparison of thermal stability of polymers.21 These values are also provided 
Polyurethane disc  
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in Figure 5.1 and clearly indicate a higher thermal stability of the composite 
materials in comparison to the pure PU. Similar increase in stability have been 
observed for other PU composites that contain Ag and Au NPs 21,24 but our 
results also indicate that micro-sized Ag particles increase the thermal stability 
more than nano-sized Ag particles. In fact, the smallest increase in T50% loss is 
observed for PU-Ag(55 nm) (71 °C in comparison to PU reference) and the 
largest increase of 177 °C is observed for PU-Ag(0.8 µm). The higher thermal 
stability of the composite materials is often explained with restricted motions of 
the polymer chains and the formation of smaller crystalline domains in the 
matrix.21,22 
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Figure 5.1: TGA of Polyurethane composites heated to 550 ºC at a rate of 2 ºC 
min-1 
To probe differences in the degree of crystallinity between the different PU 
materials DSC measurements were conducted. All samples show similar thermal 
behavior and undergo broad glass and melting transitions between -30 and 180 
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ºC in the first heating run (Table 5.1). Only glass transitions are observed in the 
second and subsequent heating runs at a heating rate of 10 ºC/min and a cooling 
rate of 5 ºC/min. 
The glass transition temperatures of all PU-Ag composites move to higher 
temperatures by at least 20 ºC in comparison to PU(ref). This change is mainly 
the result of significantly broader glass transitions in the composite materials and 
may be reasoned with a larger number of different environments for the polymer 
chains. In contrast, the melting transitions of the composites decrease by at least 
15 ºC while their melting enthalpies increase by 100-130% in comparison to 
PU(ref). Glass transition temperatures of the composites mainly move to higher 
temperatures because their transitions are than that of PU(ref). A broadening of 
the glass transition in the composite materials and an increase in melting 
enthalpies, which is equivalent to a higher degree of crystallinity, is often 
observed in composite materials because more nucleation sites are present. The 
observed decrease in melting temperatures of the composite materials in 
comparison to PU(ref) could be reasoned with the formation of smaller 
crystallites but was not investigated in more detail. 
A comparison of the composite materials containing spherical Ag particles 
suggests that their degree of crystallinity decreases with decreasing size of the 
particles. This is contrary to our expectation because smaller particles should 
provide more nucleation sites if the loading in mass % is identical. A higher 
degree of aggregation may reduce the number of nucleation sites but the largest 
aggregates are formed by PU-Ag(0.8 µm) (see below) that also displays the 
highest degree of crystallinity. Clearly, other parameters such as shape of 
particles and aggregates and the structure of their surfaces must also affect the 
crystallization of the PU matrix. However, the most crystalline material PU-
Ag(0.8 µm) is also the thermally most stable based on TG analysis. 
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Table 5.1:  Transition temperatures and enthalpies measured by DSC under N2 at 
a heating rate of 10 ºC min-1 and a cooling rate of 5 ºC min-1. Tg was measured in 
the 2nd heating run to avoid overlap between the glass and melting transition. 
Composite Tg/ºC Tmelting /ºC 
on-set, peak, end point 
∆H/Jg-1 
PU(ref) -24 25, 92, 170 15.24 
PU-Ag(flakes) -3 (20)1, 71, 135 31.34 
PU-Ag(0.8 µm) 33 (10)1, 75, 180 39.85 
PU-Ag(95 nm) -5 (10)1, 77, 140 37.35 
PU-Ag(55 nm) 21 (10)1, 69, 160 35.25 
PU-Ag(25 nm) 12 (-5)1, 58, 105 28.76 
1Values in brackets are approximated because glass and melting transitions 
overlap. 
5.2.2 Thermal Conductivity and Microstructural Analysis  
Thermal conductivity of all samples was measured by a modified transient 
plane source technique (see experimental part) and the results are presented in 
Figure 5.2. Expectedly, the thermal conductivity of PU(ref) is the lowest with 
0.237 W/m-K and the addition of Ag particles increased the thermal conductivity 
of PU composites by factors between 2 and 4. The smallest increase is observed 
for Ag flakes whereas the largest increase (4.2 times) in thermal conductivity is 
observed for the sample containing Ag particles of 0.5-1 µm diameter. All 
composites filled with Ag nanoparticles showed thermal conductivities in-
between PU-Ag(flakes) and PU-Ag(0.8 µm). Composite PU-Ag(25 nm) shows 
the highest increase in thermal conductivity of the nanoparticle filled composites 
followed by PU-Ag(55 nm) that has a slightly higher thermal conductivity than 
PU-Ag(95 nm). 
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In contrast to our expectation, the composite containing micron-sized Ag 
particles shows higher thermal conductivity than the composites filled with 
nano-sized Ag particles but among the nano-sized fillers the smallest produce 
the largest increase in thermal conductivity. To better understand these 
differences in thermal conductivity both, aggregation of the particles and their 
distribution in the PU matrix was studied by SEM. Differences in contact 
resistance may also affect the thermal conductivity of the composites but are 
assumed to be comparatively small because the thermal interfaces between the 
metal surface and the PU should be rather similar and the thermal conductivity 
of silver and silver oxide is similar (400-430 W/mK).5  
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Figure 5.2: Thermal conductivity of the different polyurethane silver composites. 
The error bars represent the Standard Deviation (RSD). 
To better understand the structure property relationships and probe the effect 
of morphology, size and filler dispersion on the conductivity, the composites 
were investigated by SEM and the results are presented in Figure 5.3. To test the 
hypothesis put forth by Evans et al.10, that the aggregation of fillers particles into 
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chains leads to better conducting composites, the aggregated chains/fractals of 
the filler particles after curing of composites were measured and compared. At 
least 200 such aggregates were measured for each sample and their dispersion 
into the polymer matrix was also investigated. The aggregate dimensions 
measured are presented in the Table 5.2.  
Table 5.2: Aggregate dimensions of Ag silver particles/nanoparticles after curing 
measured through SEM (at least 200 were counted for each sample). 
Composites 
Average Aggregate 
Dimensions (µm) 
PU-Ag(flakes) 1.8 
PU-Ag(0.8µm) 3.9 
PU-Ag(95 nm) 1.1 
PU-Ag(55 nm) 1.2 
PU-Ag(25 nm) 1.3 
It is apparent that PU-Ag(0.8µm) composite has the largest aggregate or 
fractal  sizes and are very uniformly distributed throughout the polymer matrix 
as determined from the SEM (Figure 5.3). The aggregates appear to form 
interconnected path ways extended through out the polymer matrix which could 
very well be reason for the highest thermal conductivity exhibited by the 
composite. On the contrary, although PU-Ag(flakes) formed larger aggregates in 
the polymer matrix but due to the irregular shape of the flakes there is less 
particle interconnectivity that may have led to formation of a higher percentage 
of dead-end aggregates. Thus, conductive pathways are not formed through out 
the matrix and the conducting electrons or phonons are scattered into the 
polymer matrix upon reaching such dead-ends. This may explain the lower 
thermal conductivity obtained for the composites impregnated with Ag flakes. 
All the PU composites containing Ag nanofillers showed higher thermal 
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conductivity than the PU-Ag(flakes) but lower than the PU-Ag(0.8µm) They 
possess lower aggregate sizes as compared to the Ag micro fillers. However, the 
nanofiller aggregates are more uniformly distributed through out the polymer 
matrices than PU-Ag(flakes) and may form the backbone chains better with a 
relatively lower percentage of dead end aggregates as compared to the PU-
Ag(flakes). 
Another factor to take into account while dealing with the nanofillers is that 
of thermal interfacial resistance, often referred as Kaptiza resistance κp which 
posses an additional barrier to the heat flow. As the particle sizes decrease the 
interfacial resistance tends to increase especially if the nanofillers, without 
aggregation, are uniformly distributed in the matrix.10 
In the case of the nanofillers, PU-Ag(25 nm) composite forms the largest 
aggregate (1.3 µm) which could form relatively longer backbone chains and 
exhibit the highest thermal conductivity. The thermal conductivity of the 
composite is 3 times better than the pristine PU while it is 1.37 times lower than 
the PU-Ag(0.8µm) composite. Meanwhile, the two other composites PU-Ag(55 
nm) and PU-Ag(95 nm) show comparable aggregate size and thermal 
conductivities and both are approximately 2.4 times higher than then pristine PU. 
The lower thermal conductivity of the nanofiller composites than the PU-
Ag(0.8µm) can be attributed to the higher interfacial resistance and the lower 
aggregate dimensions. The aggregate dimensions are not large enough to 
overcome the interfacial resistance and presence of dead ends will further 
deteriorate the thermal conductivity. Similarly, passivation of the nanoparticles 
with organic ligands may further reduce their thermal conductivity and of the 
resulting composites. 
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Figure 5.3:  SEM micrographs of PU composites All images are the top surface 
morphologies while PU-Ag(0.8 µm) shows cross section of the disc. No 
differences in filler distribution at the cross-section or at the top surface were 
observed. PU-Ag(95nm) aggregate measurements is shown and same 
methodology was used for other samples 
5.3 Conclusions 
The effect of filler size and morphology on the thermal conductivity of the 
polymer composites was investigated by using Ag nano and micro fillers of 
different sizes and shapes. It was determined that filler aggregation and 
aggregate dispersion plays an important role in enhancing the thermal 
conductivity of composites. Aggregate sizes of fillers in PU composites were 
determined by SEM and the trend observed is Ag (0.8 µm)>Ag(flakes)>AgNP (25 
nm)>AgNP (55 nm)>AgNP (95 nm). PU-Ag (0.8 µm) composite with aggregates 
of largest dimensions exhibited highest thermal conductivity while PU-
Ag( flakes) showed lowest thermal conductivity due to irregular dispersion. 
Amongst the NP fillers, PU-Ag (25 nm) showed the highest aggregate size, more 
uniform dispersion and in turn higher thermal conductivity. The lower thermal 
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conductivities exhibited by nanofillers when compared to micro fillers are 
probably a result of high thermal interfacial resistance of the nanofillers.  
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Figure S5.1: SEM micrographs of PU composites with different Ag fillers (a) 
flake (b) 0.8µm (c) 95 nm (d) 55 nm and (e) 25 nm. 
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6 Chapter 6   
 
 
 
 
Ligand Effects on the Size and Purity of Pd 
Nanoparticles (PdNPs) 
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6.1 Introduction 
Surface protected soluble noble metal nanoparticles (NPs) have become 
ubiquitous building blocks for nano-sized materials and are commercially 
available as markers in biochemistry and molecular biology.1-3 Proposed 
applications include their use as catalysts,4-6 semiconductors,7 and sensors.8  
Many of their properties are adjustable by attaching different types of organic 
molecules to the surface of the metal NP. Thiols are most often used but several 
other functional groups have been shown to also adsorb sufficiently well onto 
the metal surfaces.2 
Fast and reliable characterization of metal nanoparticles remains a challenge 
especially as most synthetic approaches generate compound mixtures rather than 
nanoparticles of only one composition. Information on size and size distributions 
of the metal cores is usually based on TEM measurements,9 which necessarily 
consider only a limited number of particles. Powder XRD probes the size 
distribution of bulk quantities but the extraction of accurate values for core sizes 
based on line broadening is complicated by other contributing factors such as 
number of defects and distortions from the perfect crystal lattice.10-12 
Energy Dispersive X-Ray (EDX)13 analyses and X-ray photoelectron 
spectroscopy (XPS)14-16 provide information on the composition of the metal core 
as well as on the molecules and ions that are adsorbed to the surface of the metal 
nanoparticles. Quantitative analysis of elemental ratios is possible but depends 
on the sample preparation, the penetration depth of the measurement and the 
type of elements under investigation. Alternatively, the compositions of the 
metal cores and their protective layers may be determined by conventional 
elemental analysis but the metal content may complicate measurements and a 
relatively large quantity of compound is required for measuring a range of 
different elements.17,18 
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Thermal gravimetric analysis (TGA) has been routinely employed for the 
quantification of organic versus metal content based on the assumption that all 
the attached molecules and ions are thermally removed and that no metal atoms 
evaporate.17,19,20 TGA alone does not provide any information on the type of 
compounds that are thermally removed and additional measurements such as 
thermal desorption mass spectrometry have been employed for this purpose.17  
Our group recently reported on the characterization of gold and palladium 
nanoparticles by combining TGA and mass spectrometry (TGA-MS).18 The report 
also outlined the importance of high temperature TGA measurements (>700 ºC) 
to ensure a quantitative removal of all compounds attached to the surfaces of the 
nanoparticles.  Some nanoparticles showed up to 3 distinct weight loss events 
that could be determined as subsequent losses of thiol ligands, inorganic salts 
and oxidised sulphur species by MS analysis of the evolved gasses.  
Presented here is the synthesis and characterization of PdNPs containing thiol 
ligands with straight aliphatic chains and branched chains as well as a 1st-
generation Frechet-type dendron (Scheme 6.1). Increase of the bulk of the organic 
groups is expected to reduce the core size of the Pd-NPs, increase the content of 
contaminants, lower the stability of the NPs, and increases the foot-print of the 
ligands on the surface of the NPs. 
6.2 Experimental 
6.2.1 Materials  
1-Dodecanethiol (98+ %), 2-methyl-1-propanethiol (92 %), 2-methyl-2-
propanethiol (99 %), phenylethanethiol (98 %), lithium triethylborohydride 
(Super-Hydride®, 1.0M in THF), palladium (II) acetate (99.9 %) were purchased 
from Aldrich and used as obtained. The 1st-generation Frechet-type dendron 
thiol was prepared following a previously reported procedure.21,22 All solvents 
were used as obtained except for THF, which was distilled from sodium or 
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obtained from a Grubbs’ type solvent purification system by Innovative 
Technology and filtered through a 0.2 µm PTFE filter prior to use. 
6.2.2 Synthesis of Palladium Nanoparticles   
All nanoparticles were synthesized using the single phase method.23 In a 
general procedure palladium(II) acetate (0.224 g, 1 mmol) was dissolved in 30 mL 
of dry THF and 3 mL of dried and degassed acetonitrile at room temperature. 
The reaction mixture was purged with argon gas and 2.5 eq. of the thiol was 
added at 0 °C. A 1M solution of Super-Hydride® in THF (10 mL) was added after 
30 minutes via a syringe pump at a rate of 45 mL/hr. The reaction was quenched 
after 2 hrs by the addition of 100 mL of ethanol (95%) under argon. 
The precipitated PdNPs were removed by centrifugation in PTFE tubes, re-
suspended in ethanol and again centrifuged off. This washing step was 
preformed two more times before the PdNPs were dissolved in 20 mL of THF 
and precipitated out by the addition of 100 mL of a 1:1 solution of methanol/ 
water. The final precipitate was collected on a 0.45 µm PTFE filter, washed with 
20 mL of a 1:1 solution of acetone/water as well as 20 mL of methanol and finally 
dried in vacuum (1 mbar) for 24 hrs. The absence of free thiol groups was 
verified by IR spectroscopy measurements. 
In-situ ligand exchange of PdNPs prepared in the presence of iso-butyl and 
tert.-butyl thiols was achieved by the addition of 10 eq. of 1-dodecanethiol to half 
of the reduced reaction mixture. The mixture was allowed to stir for 24 hrs before 
it was quenched with ethanol and purified as described above to give samples 
3ex and 4ex. 
6.2.3 Characterization of Palladium Nanoparticles 
Transmission Electron Microscopy (HR-TEM) was performed on a JEOL 
2010F FEG TEM/STEM operated at an accelerating voltage of 200 kV at 
McMaster University. Dilute solutions of NPs in THF were filtered through a 
0.02 µm filter, dropped onto a carbon-coated copper grid (200 mesh, SPI 
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Supplies) and the solvent was allowed to evaporate. Reported size distributions 
are based on the measurements of at least 100 particles per sample and particle 
sizes below 2 nm were determined by annular dark field STEM. TEM samples of 
3 and 4 were prepared from the reaction solution because their isolated powders 
did not fully re-dissolve. UV-VIS spectra of solutions in THF (spectroscopic 
grade) were recorded on a Varian Cary 50 and corrected for solvent absorption. 
Thermal gravimetric analysis with mass spectrometric detection of evolved 
gases was conducted on a Mettler Toledo TGA SDTA 851e that was attached to a 
Pfeiffer Vacuum ThermostarTM mass spectrometer (1-300 amu) via a thin glass 
capillary. Helium (99.99 %) was used to purge the system with a flow rate of 60 
mL/min. Samples were held at 25 °C or 30 °C for 30 minutes before they were 
heated to 1100 °C at a rate of 2 °C/min or 1000 °C at a rate of 5 °C/min. A mass 
range between 16 m/z and 200 m/z was constantly scanned.  
All powder XRD’s were run on a Bruker D8 Discover diffractometer with a 
GADDS 2D-detector operating at 40 kV and 40 mA. CuKα1 radiation 
(λ=1.54187Å) with an initial beam of 0.5 mm in diameter was used. All samples 
where sealed in Charles Supper Company 1.0 mm glass capillaries and run for 2 
hours each at 2-theta values of 18°, 50°, and 80°.  
6.3 Results and Discussion 
6.3.1 Synthesis of Palladium Nanoparticles  
PdNPs 1-5 (Scheme 6.1) were prepared in a single phase and surfactant free 
reaction mixture following a previously reported procedure.23 They were 
isolated as dark gray to black powders while their solutions in THF were brown 
in colour.  Dried powders of PdNPs 1, 2, 5 could be quantitatively re-dissolved in 
THF but 3 and 4 became insoluble after being fully dried.  Clearly, the tert.-butyl 
and iso-butyl thiols only provide limited protection against aggregation and 
coagulation of the NP cores.  For this reason parts of the reaction mixtures of 3 
Pd Nanoparticles 
 189 
and 4 were in-situ treated with excess dodecane thiol to quantitatively exchange 
the iso-butyl and tert.-butyl thiol ligands before they were isolated as powders to 
give the stable NPs 3ex and 4ex, respectively. 
Scheme 6.1: Organic thiol ligands employed in the synthesis of PdNPs 
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6.3.2 UV-Vis, TEM and XRD analysis of the PdNPs 
A weak surface plasmon resonance peak is observed for 2 at 380 nm while 1 
and 3ex show weak and broad peaks near 320 and 410 nm (Figure 6.1). All other 
NPs do not display observable surface plasmon resonance peaks between 250 nm 
and 1000 nm but all NPs showed the featureless exponential increase in 
absorption that is typical for metal nanoparticles in the size range between 1-10 
nm. Values between 225 nm and 302 nm have been reported in the literature for 
PdNPs of sizes of 3-4 nm20,23 but absorptions near 350 and 400 nm have also been 
reported and are similar to absorptions found for S containing Pd(II) 
complexes.24 However, the surface plasmon resonance peak appears to be less 
predictable in PdNPs than it is in AuNPs and consequently difficult to use for 
analytical purposes. 
HR-TEM measurements confirmed the presence of PdNPs of average sizes 
between 1.5-2.7 nm (Table 6.1). 
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Figure 6.1: UV-Vis spectra of reaction solutions of 1, 2, 3, 4, and 5 in THF. 
NPs of sizes well below 2 nm required dark field imaging (STEM) as shown 
in Figure 6.2 because their contrast is much lower than that of similarly sized Au-
NPs. No significant effect of the different ligands on the sizes of the PdNPs is 
observed. PdNPs 3 and 3ex have slightly larger sizes, which is attributed to the 
low stability of 3 in solution rather than differences in growth. The lower stability 
of iso-butyl thiol and, to a lesser degree, tert.-butyl thiol protected NPs 3 and 4 is 
also reflected in their larger size distributions.  TEM of 3 and 4 (reaction solution) 
as well as 3ex and 4ex confirm that the in-situ exchange of iso-and tert.-butyl thiol 
ligands by dodecane thiol occurs without significant change of the size and size 
distribution of the palladium cores. 
Powder XRD of the PdNPs gave peaks in the small angle and in the wide 
angle regions (Figure 6.3).  Reflections below 2λ = 5º are attributed to the ordered 
packing of the NPs and their packing distance depends on both the size of the 
palladium cores and the thickness of the attached organic layers.   
 
Pd Nanoparticles 
 191
   
Figure 6.2: Annular dark field STEM images of PdNPs 5 (left, scale bar is 10 nm) 
and 3ex (right, scale bar is 20 nm). 
Table 6.1: Average sizes and their standard deviations of the Pd cores of all PdNPs based 
on TEM analysis. 
Pd-NP Average 
diameter  
(nm, ±0.1) 
Standard 
Deviation 
Estimated number 
of Pd atoms and 
diameters (nm)a 
1 2.0 0.3 147 (1.9) 
2 1.5 0.4 55 (1.4) 
3 2.2 0.8 228b 
4 1.9 0.5 147 (1.9) 
5 1.6 0.2 55 (1.4) 
3ex 2.5 1.0 309 (2.5) 
4ex 1.7 0.3 101b 
aThis estimation is based on a FCC structure of the palladium core and the 
presence of full shells (magic numbers).25 Two shells contain 55 palladium atoms, 
3 shells 147, and 4 shells 309 atoms. bThese sizes are in-between two shells and 
the number was calculated by dividing the sum of atoms for the next smaller and 
larger shells by two. 
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PdNP 1 has the smallest angle reflection at 3.0 nm followed by 2, 5, 3 and 4 
with values of 2.1, 2.1, 1.9 nm and 1.7 nm, respectively. A reflection at 2.7 nm is 
found for Pd-NP 3ex and 4ex (not shown). 
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Figure 6.3: Powder XRD patterns of PdNPs 1-5 at 25 ºC.  Both axes contain breaks 
to allow enlargement of the important areas for clarity. 
The lattice of the packing could not be determined because only one intense 
reflection is observed but an FCC packing may be assumed and the observed 
peaks would then represent (111) reflections.  Based on this assumption distances 
between PdNPs in samples 1, 2, 5, 3 and 4 are calculated to 4.2, 3.0, 3.0, 2.7, 2.4 
nm, respectively. These are realistic values considering the sizes of the cores as 
determined by HR-TEM and the length of the different thiol ligands. A larger 
inter-particle spacing may be expected for 5 in comparison to 2 based on the 
difference in length of the two ligands but another important factor that 
determines the spacing between NPs is the density of the organic coating.  
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Dodecane thiol and ethylphenyl thiol of PdNPs 1 and 2 are expected to pack 
more densely than the dendron thiol and more dense packing results in less 
interpenetration of the organic layers when in contact. 
 Bulk palladium has an FCC lattice that gives rise to wide-angle reflections in 
XRD at 2θ values of 40° (100%), 46° (45%), 68° (25%), 82° (24%) and 86° (8%).26 
Weak and broad reflections at 38° and 44° are found in the diffraction patterns of 
PdNPs 1 and 3 while none of these peaks could be assigned with certainty for the 
other NPs. Both, the broadness and the lower intensity of the reflections indicate 
the presence of small NPs and an amorphous rather than a crystalline structure. 
Consequently, only the two most intense (111) and (002) reflections are seen for 
the largest NPs 1 and 3. The observed shift of their maxima to lower angles, 
when compared to bulk palladium, is in accordance with previously reported 
observations for PdNPs of this size range and reasoned with expanding inter-
atomic distances.27 
The sharp peaks seen in the 2θ range between 30° to 40° of NPs 4 and 5 were 
identified as the diffraction pattern of crystalline Li2CO3 that is present in larger 
quantities.  Li2CO3 is a typical contaminant in NPs prepared by this single phase 
method and can be detected in smaller quantities by TGA-MS as discussed 
below. 
6.3.3 TGA-MS Analysis of PdNPs 
In a previous report we described the importance of high temperature TGA 
measurements and the advantage of MS analysis of the evolved gases in the 
characterization of gold and palladium nanoparticles.18 As shown for PdNP 2 in 
Figure 6.4 up to three distinct weight losses may be observed for these NPs: the 
loss of the organic groups between 100-250 °C, the loss of CO2 between 500-700 
°C generated by the thermal decomposition of inorganic carbonates such as 
Li2CO3, and at temperatures above 800 °C the removal of other ionic 
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contaminants as well as oxidized sulfur species derived from fragments of the 
organic ligands. 
MS analysis of the evolved gases confirmed the above assignment of the three 
weight loss processes (Figure 6.4). Shown are the concentration versus temp- 
erature curves for signature ions at m/z values of 44 (CO2) and 45 (CO2H) 
indicating the decomposition of carbonates as well as at m/z = 64 (SO2) and m/z 
= 91(benzyl) indicating the decompositions of oxidized sulfur species and the 
ethyl benzene group, respectively. As shown in Figure 6.4 the concentrations of 
each of these signature ion peaks significantly increased within the temperature 
range the mass losses occurred: 100-300 ºC for m/z = 91, 500-600 ºC for m/z = 44 
and 45, as well as 800-900 ºC for m/z = 64. 
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Figure 6.4: TGA curve of PdNP 2 showing three distinct weight loss events 
(bottom) and the simultaneously collected MS data (top, only selected ion 
concentrations are shown for clarity).  The heating rate was 2 ºC/min. 
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Similar results were obtained for all other PdNPs and their TGA curves are 
given in Figure 6.5. The percent contributions of each of the three weight loss 
processes are presented in Table 6.2 that also includes estimated weight ratios of 
organic thiol ligands to Pd atoms for each NP.  For these estimations the weight 
losses that occur above 500 ºC were subtracted from the total weight. This is not 
an accurate calculation because the loss between 500-700 ºC, mainly representing 
the decomposition of carbonate salts, only detects the loss of CO2 while the 
formed metal oxides are not volatile at temperatures up to 1100 ºC and remain in 
the sample. The loss between 700-1100 ºC, on the other hand, likely contains 
fragments of the ligands and should be added to values for organic content.  
Since each of the two simplifications produce errors of less than 5% and their 
deviations from the correct value are of opposite directions, their subtraction 
should give correct values well within an error margin of ±5%. 
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Figure 6.5: TGA curves of all seven PdNP samples showing up to three different 
temperature ranges at which weight loss occur. Measurements to 1000 ºC were 
conducted at 5 ºC/min, the measurement to 1100 ºC was conducted at 2 ºC/min. 
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Table 6.2: Weight losses per temperature interval obtained by TGA and the 
estimated organic thiol ligands to Pd core ratios. 
Pd-NP Loss 
between 
25-500 ºC 
(%w) 
Loss 
between 
500-700 ºC 
(%w) 
Loss 
between 
700-1000 ºC 
(%w) 
Estimated 
organic to 
Pd ratioa 
(w/w) 
Relative 
molecular 
weights of 
thiol ligands 
1 49.1 6.6 9.1 1.4 2.2 
2 41.6 1.1 5.6 0.8 1.5 
3 31.4 0.5 5.2 0.5 1.0 
4 36.9 9.0 8.9 0.8 1.0 
5 35.4 1.5 4.8 0.6 3.7 
3ex 62.7 0.5 4.0 1.9 2.2 
4ex 58.3 0.8 2.2 1.5 2.2 
aWeight losses above 500 ºC were subtracted from the total weight of the NPs. 
Despite these simplifications and an estimated error margin of ±5% 
significant differences in thiol ligand to palladium ratios as well as contents of 
salts and oxidized sulfur compounds can be extracted from the TGA-MS data.  
The highest ratios of thiol ligands to palladium are found in the dodecyl thiol 
containing NPs 1, 4ex, and 5ex. Ratios for PdNPs 2, 3, and 4 are up to 70% lower 
but the masses of their thiol ligands are also up to 55% lower so that a less dense 
packing may only be concluded for 3. Significantly lower packing density is 
observed for the dendron thiol of NP 5. A comparison to NP 4ex, which has a 
comparable size and size distribution, reveals an increase in surface coverage by 
a factor of 4 if both the organic to Pd ratio and the higher molecular weight of the 
dendron thiol are considered.  
Compound 5 also shows the most complex loss of organic ligands of all the 
investigated PdNPs.  At least three distinct steps between 80 ºC and 400 ºC are 
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resolved, which may be explained with distinctively different binding sites at the 
surfaces of the NPs. Differently bound thiol ligands should also be present in all 
other PdNPs but a denser packing of ligands and lower percent weight losses 
may blur the individual steps in weight loss. It has been proposed for thiol 
protected gold NPs that three different types of gold-thiol bonds may exist, the 
sulfur binding to 3 metal atoms as usually proposed for thiols on flat gold (111) 
surfaces, the sulfur binding to 2 metal atoms at edges of the surface, and the 
sulfur binding to only 1 metal atom at corner points of the surface of the NP.28  
However, very different types of binding between the gold surface of NPs and 
thiolate ligands may be obtained depending on the synthetic procedure and the 
type of thiolate ligand29 and some differences have been observed for the binding 
of thiolates to Pd and gold surfaces.18  
No particular dependencies of the content of ionic contaminants and oxidized 
sulfur species on the types of thiol ligands are observed. NPs 1 and 4 have the 
highest contents but this is most likely caused by slight variations in the work-
up, which crucially influence the formation and attachment of contaminants.[18]  
However, a comparison of NPs 3 and 4 with NPs 3ex and 4ex clearly shows that 
this ligand exchange is capable of removing contaminants.  In fact, NPs 3ex and 
4ex have higher organic to palladium ratios than analogous NP 1, which suggests 
that the higher content of contaminants in 1 reduces the content of thiol ligands 
by occupying surface sites.  
6.4 Conclusions  
PdNPs of sizes between 1.5 and 2.7 nm were prepared in a single phase 
reaction without surfactants in the presence of different types of organic thiols.  
Size and size distributions varied but no systematic influence of the different 
organic groups on the size and purity of the PdNPs was observed. A much lower 
organic ligand to palladium ratio was measured for PdNPs 5 protected by 1st-
generation Frechet dendron thiols. The foot-print of the dendron thiolates at the 
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surface of the NPs was calculated to be about 4-times larger than for the other 
ligands.  PdNPs 1, 2, 3, and 4 protected by dodecylthiols, phenylethanethiols, 2-
methyl-1-propanethiol and 2-methyl-2-propanethiol, respectively, showed simi-
lar organic ligand to Pd ratios but NPs 3 and 4 are significantly less stable. 
TGA-MS at temperatures up to 1100 ºC has been demonstrated to be a 
versatile and convenient method for the characterization of mono-layer protected 
PdNPs. The method is capable of identifying and quantifying contents of 
contaminants, such as carbonate salts and fragments of oxidized thiol ligands, as 
well as differences in organic to palladium ratios.  Information on the binding of 
ligands, however, is difficult to extract because of the complex thermal processes 
that may occur when NPs are heated well beyond room temperature.  
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7.1 Conclusions  
Eichhorn’s group showed in an earlier study that the size of gold 
nanoparticles (AuNPs) decreases with increasing steric bulk of thiol ligands if 
prepared by a surfactant free single phase approach. The objective of the study 
described in Chapter 2 was to test whether a similar effect is found for palladium 
nanoparticles (PdNPs) when prepared by a similar synthetic approach. 
Unfortunately, no obvious dependence of the size of PdNPs on the steric bulk of 
the thiol ligands was observed, which is reasoned with a weaker, more reversible 
binding of thiols to Pd when compared to Au. This difference in ligand binding 
may also account for the overall smaller sizes and size distributions of the Pd 
NPs in comparison to AuNPs. However, the main shortcomings of this synthetic 
approach are relatively large size distributions and contaminations of the NPs 
with ionic impurities, such as lithium carbonates, are observed in both AuNPs 
and Pd NPs. Consequently, we discontinued these studies and the use of this 
synthetic approach. 
Objective of the studies described in Chapter 3 and Chapter 4 was to develop 
alternative ligands to the conventional alkanethiolates for AuNPs. All AuNPs 
were prepared by ligand exchange of dodecyl amine stabilized precursor AuNPs, 
which consistently generated AuNPs of about 3.4 ± 0.6 nm diameter that contain 
only very small amounts of impurities and free ligands. 
In Chapter 3, AuNPs protected with dialkyl selenolates and dialkyl thiolates 
were compared in terms of their sizes, purity, metal to ligand ratios, and 
chemical and thermal stabilities. AuNPs containing identical alkyl chains have 
similar sizes, purity, and metal to ligand ratios but the selenolate protected 
AuNPs content exhibit a higher degree of side-chain crystallinity and self-
organization on TEM grids than thiolate protected NPs of similar organic content. 
Interestingly, the higher degree of crystallinity of the selenolate AuNPs does not 
amount for higher thermal stability. Selenolate protected AuNPs are thermally 
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less stable and but are chemically more stable towards etching with cyanide in 
polar solvents (THF:H2O) than thiolate protected AuNPs having the same degree 
of crystallinity. Smililarly, selenolate protected AuNPs are more stable than 
thiolate protected AuNPs towards etching with cyanide in non-polar solvents 
(e.g. toluene). This is explained with a degree of crystallinity of the aliphatic 
chains in polar solvents that eases the access of cyanide ions to the gold surfaces 
at vertex sites. Both selenolate and thiolate protected AuNPs with long aliphatic 
chains are stable to air oxidation and coagulation for months, in contrast to 
previous reports, which establishes alkyl selenolate ligands as a valid alternative 
to thiolate ligands. 
In Chapter 4, a set of AuNPs protected with dialkyl dithiophosphinates 
(DTP) and dialkyl dithiophosphates (DDP) were prepared and the properties of 
the hexadecyl DTP and DDP protected AuNPs are compared to the properties of 
AuNPs protected with hexadecyl thiolates. Unexpectedly, DDPC16 shows 
exclusively bidendate binding to the gold surface based on XPS analysis whereas 
DTPC16 binds bidentate (65%) and monodentate (35%). The difference in binding, 
particularly affects the packing of the hexadecyl chains that are mostly crystalline 
in AuNP-DDPC16 and completely amorphous in AuNP-DTPC16. AuNP-DDPC16 
has the highest chemical stability against cyanide etching in all tested solvents 
followed by AuNP-SC16 and then AuNP-DTPC16. The high stability of AuNP-
DDPC16 is reasoned with the bi-dentate binding of DDPC16 and the high degree 
of crystallinity of the monolayer. On the other hand, low chemical stability of 
AuNP-DTPC16 is attributed to the mixed binding that generates a more loosely 
packed monolayer. AuNP-DDPC16 also has a higher thermal stability than 
AuNP-DTPC16 but is thermally less stable than AuNP-SC16. The lower thermal 
stability of the DDPC16 and DTPC16 protected nanoparticles when compared to 
AuNPSC16 is caused by the lower thermal decomposition of the DDP and DTP 
ligands.  However, both DDP and DTP protected AuNPs are reasonably stable 
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and interesting alternatives to thiolate protected AuNPs because of their 
divergent properties. 
Objective of the studies carried out in Chapters 5 and 6 was to incorporate 
metal nanoparticles into polymer matrices to synthesize nanocomposites for 
enhanced electrical and thermal conductivity. In Chapter 5, AuNPs functionalized 
with SC11OH ligands were used as fillers for the synthesis of highly electrically 
conductive Polyurethane nanocomposites. The nanocomposites were prepared 
by reacting a commercial mixture of isocyanates (HLBA®) with the OH 
functionalized AuNPs and ethylene glycol or tetraethylene glycol. The AuNPs 
are chemically crosslinked in the polymer matrix after the mixtures were cured 
as free standing films. However, AuNPs are not evenly distributed in the 
polymer matrix because of their higher affinity for the polyether segments and 
curing temperatures of 200 ºC led to spatial coagulation of AuNPs into “gold 
wires” which provided anisotropic conductive pathways. The conductivity 
values obtained are of the order of 105 (Ω-m)-1 which is at least one order of 
magnitude higher than commercially available composites of higher metal 
content. The nanocomposites showed optimal mechanical properties and can be 
potentially used as conductive adhesives. 
In Chapter 6 the effect of filler size and morphology on the thermal 
conductivity of the polymer composites was investigated by using Ag nano and 
micro fillers of different sizes and shapes. It was determined that filler 
aggregation and aggregate dispersion plays an important role in enhancing the 
thermal conductivity of composites. Aggregate sizes of fillers in PU composites 
were determined by SEM and the trend observed is PU-Ag (0.8 µm)>PU-Ag 
(flakes)>PU-Ag(25 nm)>PU-Ag(55 nm)>PU-Ag(95 nm). PU-Ag(0.8 µm) 
composite with aggregates of largest dimensions exhibited highest thermal 
conductivity while the PU-Ag(flakes) showed lowest thermal conductivity due 
to irregular dispersion. Amongst the NP fillers, PU-Ag(20-30 nm) showed the 
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highest aggregate size, more uniform dispersion and in turn higher thermal 
conductivity. The lower thermal conductivities exhibited by nanofillers when 
compared to micro fillers are probably a result of high thermal interfacial 
resistance of the nanofillers.  
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7.2 Outlook 
7.2.1 Ligand-Substrate (NP) Interactions  
Despite a general understanding about the structure and behavior of 
alkanethiolate gold nanoparticles, fundamental questions still remain 
unanswered about the thiolates-Au binding mechanisms, especially the energies 
involved in formation of thiolate-Au bonds and in the assembly of thiolates onto 
the nanoparticle surfaces etc. All these binding events involve absorption or 
evolution of heat (that is, a change in Enthalpy, ∆H). Thus, by measuring the ∆H 
one can get an insight into the molecular interactions occurring during the 
thiolate-Au bond formation. It is proposed to employ ITC to determine the 
energies involved during binding and assembly of thiolates onto the AuNPs as 
model systems and investigate some of these fundamental questions. 
Isothermal titration calorimetry (ITC) is an extremely powerful and highly 
sensitive technique that is capable of measuring the heats of interaction of 
reacting species in solution and has been successfully used to study biomolecular 
interactions in dilute aqueous solutions, both from thermodynamic and kinetics 
perspectives.1-6 To quantify ligand binding as a function of the substrate 
characteristics, typically the ligand is titrated into the substrate solution and the 
heat response is recorded. The heat changes are then fitted to the isothermal 
function to acquire the thermodynamic parameters.4,6,7 The binding of ligands 
mainly, biomolecules to AuNPs8-10 has also been investigated but studies are 
scarce on the binding thermodynamics and kinetics of commonly used ligands 
for example, thiolates.  
To investigate, amine stabilized AuNPs are proposed to be ligand exchanged 
with alkanethiols in situ by successive injection of the ligand until saturation. It is 
anticipated that the exchange reaction will be exothermic while thermal 
contributions during the exchange reaction may arise from: 
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1. Detachment of amine ligands from the Au nanoparticles. 
2. Attachment of thiolates to AuNPs with some loss of solvation. 
3. Formation of Au-S-(CH2)n-CH3 bonds and the assembly of thiolates onto 
Au nanoparticles.  
The aliphatic chains on alkanethiolate protected nanoparticles are reported to 
be crystalline11-14 and one can attempt to correlate the energies measured by ITC 
(∆H) with the degree of crystallinity and enthalpy (measured by DSC). 
Furthermore, ITC can be used to determine the binding stoichometry of ligands 
which may provide better understanding about the number of ligands attached 
to the nanoparticles and the results can be correlated with TGA analyses. 
To strengthen our understanding, ITC studies can be extended to head-groups 
beyond Au-S to other variants, such as chalcogenides (Se, Te), dithiophosphinic 
acids (HS2PR2) and dithiophosphoric acids (HS2PR2O2) etc. The ligands can be 
titrated against amine stabilized AuNPs and compared with alkanethiolates. 
Similarly, to investigate the stability and preference of such ligands towards 
AuNPs, in situ ligand exchange studies with alkanethiolates on AuNPs could be 
carried out. 
These experiments can be helpful to understand the energetics of binding and 
assembly of different ligands onto the gold nanoparticles and help discern the 
effect of head group and the alkyl chain lengths on the crystallinity, stability and 
packing of the nanoparticles. The knowledge gained from these studies will also 
be useful in synthesizing gold nanoparticles with optimum ligand to Au ratios 
and exploring new applications of such NPs especially for biological systems. 
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7.2.2 AuNPs in Lubricants 
Lubricants are used in almost all technological applications from vehicles to 
smart MEMs switches. Under severe contact conditions both fluids and greases 
are squeezed out from the contact area and consequently do not provide 
adequate lubricant conditions. To improve the tribological characteristics of 
lubricants often small amounts of solid additives for example, Zn 
dialkyldithiophosphates (ZnDDP) compounds are added15 while recently DDP 
coated nanoparticles have also been proposed. The addition of nanoparticles 
improves the load- bearing capacity of the lubricant while preserving the mating 
surfaces from direct contact and thus enhancing the wear resistance. Various 
DDP modified nanoparticles have been tried as solid lubricants for example, 
PbO16, PbS17,  ZnS18, Cu19, MoS220 and Pd21 are few to mention.  
Proposed here is the use of DDP modified AuNPs as oil additives for high 
performance tribological applications. It is expected that at much lower particle 
loading (~ 0.5 wt. %) excellent tribological properties can be achieved. There is 
scarcity of literature on the effect of DDP chain lengths or presence of aromatic 
groups on the tribological properties. Similarly, data is lacking on the long term 
stability and dispersion of such additives in lubricants. Systematic studies are 
proposed to investigate such effects, for example by changing the alkyl chain 
lengths, by introducing aromatic or functional groups. The tribological 
properties can be investigated by pin-on-disk tribometer and by studying the 
worn surfaces by SEM. The chemical composition of the transfer layer can be 
investigated using EDX and XPS whereas detailed microscopic studies could 
provide information about the size of wear scar diameters, debris formation and 
to determine the fate of the nanoparticles under such loading conditions. 
The formation of transfer film on the sliding surfaces is expected to reduce the 
shear strength and protect surfaces from direct sliding. The nanoparticles may 
act as nano ball bearings during the sliding. This may lead to an advantageous 
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increase in load bearing capacity of sliding surfaces and small diameters wear 
scars formation indicating low friction and excellent antiwear properties.  
Furthermore, the role of AuNPs as markers for checking the counterfeit 
lubricants could also be investigated by taking advantage of their unique 
plasmonic properties. This provides an extra benefit of using AuNPs as 
compared to other nanoparticles as additives. 
The studies could be further extended to other ligand systems for example 
dithiophosphinic acids (DTPAs) functionalized nanoparticles for these 
applications.  
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